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Figure 4.12  Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 
 3,450 kPa, Crossflow Velocity = 4.04 m/s, pH = 9.0 
 
Figure 4.13  Permeate Flux vs Time for CaCl2 Plus Na2CO3 and MgCl2 Plus 
 Na2CO3. Transmembrane Pressure = 3,450 kPa, Crossflow 
 Velocity = 4.04 cm/s and pH= 9.0 
 
Figure 4.14  Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 
3,450 kPa, Crossflow Velocity = 4.04 m/s, CaCO3 
Concentration = 0.0005 M 
 
Figure 4.15  Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 
3,450 kPa, Crossflow Velocity = 4.04 m/s, pH = 9.0. CaCO3 
Concentration 0.0005 M and 0.0015 M 
 
Figure 4.16  Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 
3,450 kPa, Crossflow Velocity = 4.04 cm/s and 25.8 cm/s, 
CaCO3 Concentration = 0.0005 M, pH = 9.0 
 
Figure 4.17  Flux vs Time for CaCO3. Pressure = 1,380 – 3,450 kPa, 
Velocity = 4.04 cm/s, CaCO3 = 0.0005 M 
 
Figure 4.18  pH vs pC for a Carbonate System (After, Sawyer et al., 1994) 
 
Figure 4.19  Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 
3,450 kPa, Crossflow Velocity = 4.04 cm/s, Nominal CaCO3 
Concentration = 0.0005 M, pH = 4.0, 5.5 and 9.0 
 
Figure 4.20  Rejection vs Time for CaCO3. Transmembrane Pressure = 1,380 
- 3,450 kPa, Crossflow Velocity = 4.04 cm/s, CaCO3 
Concentration = 0.0005 M and 0.0015 M, pH = 9.0 
 
Figure 4.21  Permeate Flux vs Time for Combined CaCO3 and Kaolin. 
Transmembrane Pressure = 3,450 kPa, Crossflow Velocity = 
4.04 cm/s, Kaolin Concentration = 50 mg/l, CaCO3 
Concentration = 0.0005 M and 0.0015 M, pH = 9.0 
 
Figure 4.22  Permeate Flux vs Time for Combined CaCO3 and Kaolin. 
 Transmembrane Pressure = 3,450 kPa, Crossflow Velocity = 
 4.04 cm/s, Kaolin Concentration = 50 – 250 mg/l, CaCO3 
 Concentration = 0.0005 M, pH = 9.0 
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Figure 4.23  Observed rejection vs Time for CaCO3 and Combined CaCO3 
 
and Kaolin. Transmembrane Pressure = 3,450 kPa, Crossflow 
 Velocity = 4.04 cm/s, Kaolin Concentration = 150 mg/l, CaCO3 
 Concentration = 0.0005 M, pH = 9.0 
 
Figure 4.24 Final Kw (as % of initial Kw) For Kaolin = 150 mg/l, CaCO3 = 
0.0005 M and Crossflow Velocity = 4.04 cm/s 
 
Figure 5.1  Particle Deposition Mechanism on a Membrane 
 
Figure 5.2  1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0015M CaCO3 and 50 mg/l of Kaolin 
 
Figure 5.3  Specific Resistance of the Cake Layer (α) vs Transmembrane 
Pressure (∆P) for 0.0005 M CaCO3 and 150 mg/l of Kaolin 
 
Figure 5.4 Experimental and Model Results, Transmembrane Pressure = 
3,450 kPa, CaCO3 Concentration = 0.0015 M, Kaolin 
Concentration = 250 mg/l 
 
Figure B.1  Particle Size Distribution. Kaolin in Distilled Water, Kaolin 
Concentration = 150 mg/l, pH = 6.7 
 
Figure B.2  Particle Size Distribution. Kaolin in Distilled Water, Kaolin 
Concentration = 150 mg/l, pH = 9.0 
 
Figure B.3  Particle Size Distribution. Kaolin in 0.0005 M CaCO3, Kaolin 
Concentration =  150 mg/l, pH = 9.0 
 
Figure B.4  Particle Size Distribution. Kaolin in 0.0015 M CaCO3, Kaolin 
Concentration =  150 mg/l, pH = 9.0 
 
Figure D.1 Relationship Between Experimental Data and Model Results 
 
Figure F.1  Permeation and Purewater Permeability Coefficient (Kw) vs 
Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 1,380 kPa, CaCl2 Concentration = 
0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  
pH = 9.2, Temperature = 24 oC 
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Figure F.2  Permeation and Purewater Permeability Coefficient (Kw) vs 
 Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
 Transmembrane Pressure = 2,070 kPa, CaCl2 Concentration = 
 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
 Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  
 pH = 9.1, Temperature = 24 oC 
 
 
Figure F.3  Permeation and Purewater Permeability Coefficient (Kw) vs 
 Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
 Transmembrane Pressure = 2,760 kPa, CaCl2 Concentration = 
 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
 Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  
 pH = 9.1, Temperature = 24 oC 
 
Figure F.4 Permeation and Purewater Permeability Coefficient (Kw) vs 
Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 
0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  
pH = 9.3, Temperature = 24 oC 
 
Figure F.5  Permeation and Purewater Permeability Coefficient (Kw) vs 
 Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
 Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 
 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
 Concentration =  50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH 
 = 9.2, Temperature = 24 oC 
 
Figure F.6  Permeation and Purewater Permeability Coefficient (Kw) vs 
Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 
0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
Concentration =  250 mg/l,  Crossflow Velocity = 4.04 cm/s,  
pH = 8.9, Temperature = 24 oC 
 
Figure F.7  Permeation and Purewater Permeability Coefficient (Kw) vs 
Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 
0.0005 M, Na2CO3 Concentration = 0.0015 M, Kaolin 
Concentration =  50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH 
= 9.0, Temperature = 24 oC 
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Figure F.8  Permeation and Purewater Permeability Coefficient (Kw) vs 
 Time for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
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 Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  
 pH = 9.3, Temperature = 24 oC 
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Investigating the Fouling Behavior of Reverse Osmosis Membranes Under Different 
Operating Conditions 
Dhananjaya P. Niriella 
 
ABSTRACT 
 
This dissertation describes the investigation of the fouling of a reverse osmosis 
membrane under different operating conditions. A mass transfer model to predict the 
permeate flux decline is defined. These studies used kaolin clay and bentonite clay as the 
fouling particles. As the membranes, thin film Low fouling Composite 1 polyamide 
reverse osmosis flat sheet membranes were used. 
Baseline experiments using only kaolin in D.I. water were conducted. At an 
operating pressure of approximately 1,380 kPa, no flux decline was observed. These 
results established the effects of a membrane-particle interaction. For the fouling 
experiments with kaolin clay, experiments show a linear relationship between the mass of 
the deposited foulant layer and total permeate flux decline. The increased concentration 
of scale forming salts such as calcium chloride and sodium carbonate combined with clay 
particles has been found to increase flux decline. It also leads to the formation of a less 
porous cake layer on the membrane surface, which may be due to the particle surface 
charge. The increase in transmembrane pressure leads to the formation of a well 
compacted, less porous, cake layer on the membrane surface. The reduced porosity 
 xx
results in the deterioration of the permeate quality, which is a direct result of reduced 
back diffusion of the salt solution. 
A fouling model that combines a resistance-in-series model and a simplified-
mass-transport relationship were used to predict the transient stage permeate flux of a 
reverse osmosis membrane. This model contains a constant which is a function of the 
operating condition and the ionic species in the feed solution. It was found that the results 
from the model agreed with the experimental results.
 1 
Chapter 1 
 
 
Introduction 
 
 
1.1 Scope and Significance 
 
Water in the earth’s hydrosphere (water in the atmosphere, earths’s surface and 
crust up to a depth of 2000 m) is usually considered when calculating the earth’s water 
storage. This storage is approximately equal to about 1,386 MCM. Of this volume, 97.5 
% is saline and 2.5 % is freshwater. Out of the freshwater volume, only 1 % is readily 
available for human consumption (Shiklomanov, 1999). Over the next 20 years, the 
average supply of water worldwide per person is expected to drop by one-third. Today, 
between 2 to 4 billion people suffer, annually, from diseases linked to contaminated 
water (http://www.lifetoday.org/partner).  
Desalination is the most expedient means of increasing the supply of freshwater in 
regions where water is scare. It is estimated that more than 50 % of the world’s 
population live within 50 miles of the sea (http://www.solarsystem.nasa.gov). Given the 
almost unlimited availability of seawater, desalination could provide a sustainable water 
supply to many municipalities and industries. Experts predict that the 21 st century 
belongs to seawater desalination. 
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Reverse osmosis membranes used in water desalination are capable of producing 
highly purified water by removing all the salts and some other contaminants from 
different water sources. During the past several decades, tremendous strides were made in 
the research related to development of Reverse Osmosis (RO) membranes, which has 
resulted in the production of  new membranes capable of withstanding wide pH ranges, 
higher temperatures and pressures, increased flux and reduced solute concentration in the 
permeate. But unfortunately, with all these new findings, membrane fouling and scaling 
remain the two major operational and maintenance issues faced by membrane water 
treatment plant operators. The short-term effects of fouling and scaling are; reduction of 
treated water productivity, deterioration water quality combined with increase in energy 
consumption. The long term effect being membrane replacement. 
Clay is a major foulant (Ng and Elimelech, 2004), present in natural water and 
CaCO3 is the most common scale compound, which forms tenacious layers in domestic 
and industrial water systems. In membrane water treatment units, feed water pre-
treatment is carried out in order to remove fouling and scale forming substances. 
Although 100 % removal of these substances is possible, it is not economically feasible.  
Also, in the past there had been instances (e.g., watershed erosion taking place after a 
storm) where there had been heavy sediment flow to water bodies that act as water 
sources to membrane treatment units. These heavy sediment load in the feed water in turn 
has made the pre-treatment units ineffective (Rooklidge et al., 2002).  
However, understanding of the effects of physical operating parameters (e.g. 
transmembrane pressure, crossflow velocity) on clay fouling of a R.O. membrane and the 
interaction between clay and scale forming salt would assist in managing the fouling and 
 3 
scaling problem. Further, from a plant operational standpoint, a simple model to predict 
the transient stage permeate flux of a membrane for a given feed would be very useful. 
 
1.2  Research Objectives 
 
The specific research objectives are: 
 
1.  To investigate the effects of operating parameters (transmembrane pressure, 
crossflow velocity) and solute concentrations (clay and CaCO3) on scaling of a 
Reverse Osmosis membrane, and clay-CaCO3 interaction on membrane 
performance 
2.  To describe a simple transport model based on the data obtained to predict the 
transient permeate flux for a given feed solution. 
 
1.3  Arrangement of the Dissertation  
 
Chapter 2 reviews the literature related to reverse osmosis membranes, current 
membrane fouling technology, clay structures, scaling by inorganic salts in the feed water 
and fouling models. 
Chapter 3 outlines the experimental arrangement, methodology and 
instrumentation used. The methodologies adopted by previous researchers have been 
considered as guidelines in this research.  
 4 
Chapter 4 presents experimental results including data analysis on characterizing 
of  kaolin clay particles and Low Fouling Composite 1 (LFC1) reverse osmosis 
membrane manufactured by Hydranutics, Oceanside, CA, effects of physical parameters 
(transmembrane pressure, crossflow velocity) and foulant concentration on both the clay 
fouling and  CaCO3 scale formation and their interactions on R.O. membrane. 
Chapter 5 describes a transport model for prediction of transient stage flux in the 
presence of fouling feedwater and Chapter 6 summarizes experimental findings and 
concludes with suggestions for future work. 
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Chapter 2 
 
 
Literature Review 
 
 
2.1 Introduction 
 
 As world population is estimated to climb above six billion by the end of 2005 
(http://www.cia.gov), increasing demands for water from municipal, industrial, 
commercial, irrigation and environmental sectors would impose additional stresses on the 
world’s limited fresh water resources. Further, uncontrolled discharge of wastewater and 
effluent from various sources has led to the pollution of these limited water resources. It 
is estimated that over 50 % of the U.S population currently lives within 50 miles of the 
ocean (http://www.solarsystem.nasa.gov) or other unusable water source. Finding 
solutions to the above issues are a major challenge facing the scientists and engineers. 
 
2.2 Definition of a Membrane 
 
Membrane industry has made great strides during the past 50 years. Membranes 
have paved the way for new industries to emerge, covering such wide-ranging 
applications as reverse osmosis, gas separation, controlled-release pharmaceutical 
formulations and the artificial kidney. A combined knowledge of physical and polymer 
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chemistry, electro-chemistry, process and mechanical engineering is needed to produce 
membranes. A semi-permeable membrane is a very thin film that allows some types of 
matter to pass, while retaining others. Some membranes such as micro-filtration and 
ultra-filtration membranes are porous. Others membranes are dense and separate material 
based on differences in diffusion rates through the membrane (USBR, 1998). 
Membranes are divided into different categories based on the size of the material 
they retain and their driving forces (USBR, 1998) as shown in Table 2.1. There are four 
industrial membrane separation processes, which are micro-filtration (MF), ultra-
filtration (UF), reverse osmosis (RO) and electro-dialysis (Baker, 2000).  
 
2.3 Reverse Osmosis Membranes 
 
Use of reverse osmosis membranes to treat high salinity water is an ideal solution 
to solving water shortages. Reverse osmosis membranes can easily produce potable water 
from sea and brackish water (USBR, 1998).  
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 Reverse osmosis (RO) is a solution separation process, in which, a solvent is 
passed through a semi permeable membrane while retaining solutes (Williams, 2003).  In 
reverse osmosis, pressure is applied to reverse the normal osmotic flow of water across a 
semi-permeable membrane (Figure 2.1). In the absence of applied pressure, until, osmotic 
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 8 
equilibrium is achieved, the solvent flow through a semi permeable membrane is from the 
side with smaller concentration to that of greater concentration (Figure 2.2). When this 
occurs, pressure difference between the two sides of the membrane is equal to the 
osmotic pressure (Byrne, 1995; Bhattacharyya and Williams, 1992). 
 
 
 
Figure 2.1 Reverse Osmosis – Pressure 
Applied to Reverse the Normal Osmotic 
Flow of Water (After, Williams, 2003) 
 
Figure 2.2 Osmosis -  Solvent (Normal 
Water) Passes Through a Semi-Permeable 
Barrier from Side of Low to High Solute 
Concentration (After, Williams, 2003) 
 
In 1960, Loeb - Sourirajan developed a cellulose acetate (CA) membrane that 
gave an adequate flux so that it could be used in the industry (Baker, 2000). They are 
currently used, successfully, in many industrial applications. One advantage of a CA 
membrane is its chlorine tolerance but they are pH sensitive and less stable in organic 
solvents than in polyamides. Aromatic polyamides have a much higher solvent resistance 
and may be used over a wider pH range (4-11) and are less susceptible to hydrolysis 
(Sagle and Freeman, 2005). 
Cellulose acetate membranes were widely used from 1960 to mid - 1970’s until 
Cadotte from North Star Research developed the interfacial polymerization method of 
producing composite membranes.  Interfacial composite membranes are characterized by 
extremely high salt rejection, combined with high water fluxes.  Fluid Systems was the 
first company to commercialize the composite membrane (Sagle and Freeman, 2005). 
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2.3.1 Types of Reverse Osmosis Membranes  
 
 
RO membranes fall into two groups. They are asymmetric membranes and thin –
film composite membranes. Asymmetric membranes have a very thin, skin layer, 
supported on a more porous sub-layer (Figure 2.3). In this membrane, the dense skin 
layer determines fluxes and selectivities of  these membranes and the sub-layer serves as 
a support for the skin layer. The support layer has very little effect on the member 
separation capacity.  On the other hand, thin-film composite membranes consist of a thin 
polymer barrier layer, formed on one or more porous support layers Figure 2.4 (Baker, 
2000). 
 
 
Figure 2.3 Asymmetric Membrane (After, 
Williams, 2003) 
Figure 2.4 Thin – Film Composite 
Membrane (After, Williams, 2003) 
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2.4 Clays  
 
2.4.1 Mineralogy 
 
Clay minerals consists mainly of aluminum or magnesium silicate layers. Each 
aluminum and magnesium layer lies in between a  silica, gibbsite or brucite layer.. In the 
silica (Figure 2.5), silicon atoms are each linked to four oxygen atoms in a tetrahedral 
arrangement.  On the other hand, the gibbsite and brucite layers (Figure 2.6) consist of 
two layers of oxygen atoms (or hydroxyl groups) linked to aluminum or magnesium 
atoms, in an octahedral arrangement (Stumm and Morgan, 1981). 
 
 
 
 
 
 
 
 
Figure 2.5 Tetrahedral Structure (After, Stumm 
and Morgan, 1981) 
 
 
 
 
 
 
 
Figure 2.6 Octahedral Structure (After, Stumm 
and Morgan, 1981) 
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2.4.2 Kaolinite 
 
Kaolinite is a 1:1  layer clay mineral consisting of repeating layers of tetrahedral 
and octahedral sheets (Figure 2.7). The repeating layers are linked by sharing oxygen 
atoms between octaherdral and tetrahedral layers. The C-spacing which is the distance 
between atom centers in two repeating layers is 7.2 Ǻ,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Ideal Kaolin Structure (After, Rouquerol et al., 1999)  
 
 
The chemical composition of a kaolinite unit cell is given by [Al2(OH)4(Si2O5)]2. 
Kaolinite platelets usually, contain 100 or more layers and are usually thick. The 
kaolinite particles tend to be hexagonal shape with diameters of up to 1 micrometer 
(Rouquerol et al., 1999).  
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According to Buchanan and Oppenheim, 1972, as kaolinite is a binary oxide 
mineral, its stability in contact with an aqueous medium is a function of pH.  The study of 
electrophoretic behavior of kaolinite will recognize that the nature of the surface, and 
therefore, the electrical double layer, will be pH- dependent.  
 
2.4.3 Bentonite 
 
 
Bentonite is a 2:1 layer clay (Figure 2.8) belonging  to a group of expanding clays 
that include montmorillonite (Rouquerol et al., 1999). The basal spacing between the 
layers varies between 9.6 and 21 Ǻ. The chemical composition of montmorillonite is 
given by (OH)4Si8Al4O20.H2O. Isomorphic substitution and pH dependent charges 
developed on the surface hydroxyls groups at broken edges provides a permanent 
negative charge to montmorillonite layers with Na+ and K+ counter ions (Tombàcz and 
Szekeres, 2004).   
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Figure 2.8 Ideal Bentonite Clay Structure (After, Rouquerol et al., 
1999) 
 
 
2.4.4 Clay Particle Surface Charge  
 
Rengasamy and Oades, 1977, said that when clay particles interact with simple 
and complex cations, clay particles’ surface morphology and charge change.  Thus, 
influencing particles’ ion exchangeability and stability. They also noted that when simple 
cations are adsorbed onto clay by ion exchange, the net charge remains negative. They 
also said that the particle electrophoretic mobility is an indication of the net charge. 
However, according to them, when complex cations are adsorbed in excess of the 
exchange capacity, it can reverse the charge of the clay particle from negative to positive. 
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2.5 Determining Surface Area of Particles 
 
 Many of the popular methods for determining the surface area of powders and 
porous materials depend on the measurement of adsorptive capacity of the adsorbed. The 
Brunauer – Emmett - Teller (BET) method is a popular method for determining the 
surface area of adsorbents and catalysts (Rouquerol et al., 1999).  
 
2.6 Electrokinetic Measurements and Zeta Potential Determination 
 
 Surfaces of most materials develop an electrical charge when brought into contact 
with an aqueous medium and conversely this surface charge influences the distribution of 
ions in the aqueous medium (Shaw, 1970). The electrical double layer consists of two 
regions (Figure 2.9): an inner region, which includes adsorbed ions, and a diffuse region. 
Distribution of ions in the diffuse region is influenced by electrical forces and random 
thermal motion. Electrokinetic behavior of a particle depends on the potential difference 
at the surface of shear and electrolyte solution. This potential is called electrokinetic or  
zeta potential.  
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Figure 2.9 Electrical Double Layer (After, Sawyer et al., 
1994) 
 
 Colloidal particles in liquid either strongly bind or do not bind with the liquid. 
Colloidal particles that bind strongly with the liquid are stable and hard to separate from 
the liquid. The stability of the colloid particle is a function of the charge that the colloid 
exerts on the diffuse layer. Size of the particle, the surface area, and the surface charge of 
the particle affects the stability of a colloidal particle. Surface charge in turn is a function 
of pH and dissolved salt concentration (TDS). Zeta potential (Figure 2.9) measures the 
electrical potential of the diffuse layer at the shear plane within the solution (Brunelle, 
1980).  When zeta potential is high, the particles are very stable due to electrostatic 
repulsion and when it is close to zero, the particles coagulate very easily. 
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2.7 Membrane Fouling 
 
2.7.1 Introduction 
 
The literature (Potts et al. 1981; Song et al., 2004) provides a range of definitions 
for membrane fouling varying from a simple to complex definitions. The simplest of all 
definitions is “the phenomenon where ‘foulants’ accumulate on RO membranes leading 
to performance deterioration” (Potts et al. 1981). Fouling can severely deteriorate the 
membrane performance and is of major concern in design and application of membrane 
separation processes (Chen et al., 2004; Probstein et al., 1981).   
 
2.7.2 Effects of Fouling 
 
Membrane fouling has several negative effects, including a decrease in water 
production, required increase in applied pressure, increased operational cost, a gradual 
membrane degradation, and a decrease in permeate quality (Seidel and Elimelech, 2002; 
Boerlage et al., 1998; Probstein et al. 1981).  Further, membrane cleaning to remove 
foulants results in increased energy and chemicals and  also, the wastewater produced in 
cleaning membranes increases the costs of treatment.  Zhu and Elimelech, 1995 found 
that the relative permeate flux (permeate flux at anytime during the fouling runs divided 
by the initial water flux) vs time  as a convenient way to compare the membrane fouling 
results at different operating conditions, in laboratory scale experimental studies.    
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2.7.3 Previous Work on RO Membrane Fouling 
 
Although extensive research had been carried out on MF and UF membrane 
fouling, the same cannot be said about the hyperfiltration (RO) membranes. Only a few 
experimental studies on colloidal or particulates fouling of RO membranes are available 
in the literature (Zhu and Elimelech, 1997).  Cohen and Probstein, 1986, investigated the 
cellulose acetate membrane fouling by ferric hydroxide in deionized water. Their work 
demonstrated a linear relationship between permeate flux and the foulant layer thickness 
during fouling.  Zhu and Elimelech, 1997, investigated the RO membrane fouling by 
aluminum oxide colloids and found out that fouling was significant at high ionic strength 
and fouling was reversible.  In another study, Vrijenhoek et al., 2001, found that flux 
decline in colloidal fouling of RO and NF membranes is primarily due to “Cake-
enhanced osmotic pressure.”  They suggested that flux decline observed during the 
experiments were due to colloidal deposit layer limiting back diffusion of salt ions from 
the membrane surface to the bulk solution, thus, increasing the salt concentration at the 
membrane surface. Winfield, 1979, investigated the fouling of cellulose acetate RO 
membranes by secondary wastewater effluents and found that for this wastewater, 
dissolved organic matter (eg. humic acid) plays a significant role than particulate matter 
in membrane fouling.   
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2.7.4 Fouling Material  
 
Materials that cause membrane fouling could be broadly classified as; sparingly 
soluble inorganic compounds, colloidal or particulate matter, dissolved organic 
compounds and biological matter. Sparingly soluble inorganic compounds are discussed 
in detail under the section 2.8. Colloidal or particulate matter comprise both inorganic 
and organic matter. Aluminum silicate clays, ranging in size from 0.3 to 1.0 µm in 
diameter comprise of  the most common inorganic matter that cause membrane fouling. 
Common organic matter comprises of living and senescent organisms, cellular exudates, 
partially to extensively degraded detrital material. It has been found that natural organic 
matter (fulvic and humic acid) with a combination of divalent cations such as Ca+2 
present in feed water, also, contributes to membrane fouling (Seidel and Elimelech, 2002; 
Schäfer et al. 1998) by forming a cake layer on the membrane surface. Biological matter, 
the last fouling category mentioned refers to micro-organism, living or dead, and 
pyrogens. Membrane fouling can be caused by biological matter through the process of 
attacking and decomposing the membrane and through the formation of a fouling layer 
on the membrane surface.  
 
2.7.5 Clay Content in Water Sources  
 
The environment of a region could contribute to an increase in clay content in 
water resources. For example, the geology of the coast range-mountains of the Pacific-
northwest produce high levels of colloidal clay in the surface water runoff.  In these 
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areas, during rain storms,  heavy clay loads are experienced, which exceed the ability of 
pre-treatment units such as filters. In fact, it has being found that during such an event, on 
average, the montmorillonite and kaolinite clay concentration in surface water could 
reach up to a value of around 100 mg/l (Rooklidge et al., 2002). 
 
2.7.6 Fouling Mechanism in Microfiltration (MF) and Ultrafiltration (UF) 
Compared with Reverse Osmosis Membranes 
 
Unlike the vast amount of literature on ultrafiltration (UF) and microfiltration 
(MF) membranes, published research on the fouling mechanism of RO membranes is 
rather limited.  Fouling mechanisms of UF and MF membranes are not directly applicable 
to RO because of the substantial differences in membrane pore size and permeation rates.  
Pore blocking is an important mechanism in the fouling of MF and UF membranes by 
colloids and macromolecules, but its role is not that important in RO membrane fouling 
(Zhu and Elimelech, 1997, Yiantsios and Karabelas, 1998).   
 
2.7.7 Membrane Surface Charge and Measurement Techniques 
 
According to Gerard et al., 1998, membrane surface charge plays an important 
role in the fouling mechanism because it can function as an absorption site for foulants. A 
polymeric membrane acquires surface charge when brought into contact with an aqueous 
medium. Charged membrane surface influences the distribution of ions at the membrane-
solution interface resulting in  co-ions being repelled from the membrane surface and 
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counter ions being attracted to it. Consequently, an electrical double layer forms at the 
membrane surface (Childress and Elimelech, 1996). 
Both thin-film composite and cellulose acetate membranes exhibit characteristics 
of amphoteric surfaces containing acidic and basic functional groups.  The iso-electric 
points of the composite and cellulose acetate membranes are found to be at pH of 5.2 and 
3.5, respectively.  The difference in the zeta potential values of the composite and 
cellulose acetate membranes is attributed to differences in the membrane surface 
chemistry (Zhu and Elimelech, 1997). 
Membrane zeta potential can be determined by measuring streaming potential, 
sedimentation potential, electro-osmosis or electrophoresis (Childress and Elimelech, 
1996). Childress and Elimelech in 1996, found that the ionic composition and 
concentration of the solution have a marked affect on the characteristics of the surface 
charge of polymeric membranes.   
 
2.7.8 Fouling Tests 
 
Silt Density index (SDI) and the Modified Fouling Index (MFI) are two tests that 
measure particulate fouling potential of feed water. Both are quick tests to stimulate 
membrane fouling by passing pretreated water through a 0.45 micron micro-filter under 
dead-end flow mode and at constant pressure. Of the two, Silt density Index (SDI) is the 
most common criterion for characterizing the fouling propensity of feed waters.  
However, the criticism of this method is that it is based on empirical character and its 
inability to represent the foulants and their interactions with the membrane, under actual 
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operating conditions (Yiantsios and Karabelas, 1998).  Further, there is no linear 
relationship between the index and particle concentration.  In contrast, the MFI is based 
on cake filtration and is suitable to model flux decline in membrane systems.  In addition, 
the index shows a linear relationship with the particle concentration in the feed water.  
However, it does not satisfactorily correlate to colloidal fouling observed in practice.  
This is because particles less than 0.45 microns, which are responsible for membrane 
fouling, are not measured in this test (Boerlage et al., 1998). 
 
2.7.9 Effects of Fouling on Product Quality 
 
Solute rejection from a membrane is a function of the relative solute selectivity of 
the fouling layer and the membrane.  When the membrane has a higher solute rejection 
than the foulant layer, hindered back diffusion of solutes occur causing the 
solute to accumulate near the membrane surface. This enhanced concentration 
polarization results in a decrease in solute rejection.  However, when the fouling layer has 
a higher solute rejection than the membrane surface, solute rejection improves (Ng and 
Elimelech, 2004).   
 
2.7.10 Particle Deposition on Membrane Surface 
 
Most research, on particle deposition on a membrane surface and forces acting on 
it (Figure 2.10) is based on micro-filtration studies.  According to Fischer and Raasch, 
1986, there are only two forces acting on a deposited particle on a membrane. They are 
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the drag force parallel to and the pressure force perpendicular to the membrane surface.  
However, subsequently, Lu and Ju, 1989 pointed out that there  
 
 
Figure 2.10 Forces Acting on a Particle Near a 
Membrane (After, Wiesner and Chellam, 1992) 
 
are four forces acting on a deposited particle: tangential drag force, normal drag force, 
lateral drag force and gravity force. Wiesner and Chellam, 1992 reported that the 
Brownian diffusion and inter-particle forces such as van der waals attraction and double 
layer repulsion are significant and should be considered when modeling forces acting on 
a particle.   
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2.8 Scaling  
 
2.8.1 Introduction 
 
Surface and groundwater contain ions such as calcium, sulfate and bicarbonate. 
When water containing such ions are used as water sources in  boilers and membrane 
treatment processes, it leads to deposition of mineral salt on its surfaces commonly 
known as scaling. Depending upon the water source, the scale deposits may consist of 
salts such as CaCO3, CaSO4 and SiO2. 
 
2.8.2 Scale Formation in Membrane Systems and Its Effects 
 
While colloidal or particulate fouling leads to loss of performance in the lead 
elements of a membrane unit, scaling tends to cause loss of performance in the trailing 
elements because the feed water becomes more concentrated and the solubility of ionic 
species in solution are approached.  
 
2.8.3 Concentration Polarization 
 
Concentration polarization (Figure 2.11) occurs because the concentration of 
dissolved species rejected by the membrane increases at the membrane surface and is 
greater than in the bulk feed stream.  When concentration polarization increases, the 
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osmotic pressure of the solution next to the membrane surface increases, resulting in 
higher applied pressure  
  
 
 
Figure 2.11 Concentration Polarization (CP) within a Membrane Module 
 
required to obtain the same permeate quantity.  Also, salt concentration in permeate will 
increase with increased concentration polarization due to increased diffusion of salt 
through the membrane.  Concentration polarization is a function of system 
hydrodynamics and therefore can be controlled by maintaining the feed flow within the 
turbulent flow regime.  
 
2.8.4 Surface and Bulk Scaling 
 
Membrane scaling could take place whenever the surface is exposed to a 
supersaturation solution, or when there is crystals generating material present in 
suspended form in the feed solution together with necessary conditions for nucleation 
(Lee and Lee, 1999). The formation of super-saturation level closer to a surface-feed 
interface would lead to salt precipitation on the surface. If the super-saturation region 
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forms away from the surface, crystals would be formed in the bulk solution and move 
towards the solid surface to form scale (Hasson et al., 1996) 
 
2.8.5 Factors Affecting Scaling 
 
Studies have shown that factors such as pH, temperature, velocity/shear rate, 
surface material, geometry, surface roughness, supersaturation of ions influence scale 
formation (Sheikholeslami and Ng, 2001; Hamrouni and Dhahbi, 2001). Further, 
presence of foreign matter also influence scale formation by offering nucleation sites for 
crystal growth (Nancollas and Reddy, 1971).   
 
2.8.5.1 Supersaturation  
 
This is the primary cause for mineral scaling. When the solubility product of 
calcium/carbonate and calcium/sulfate (e.g., solubility product of calcium carbonate is 
defined as the product of concentration of calcium and carbonate ions in saturated 
solution of calcium carbonate. Usually these values are given in text books and are based 
on infinite solutions of ions) exceeds their saturation values, calcium carbonate, calcium 
sulfate precipitates and forms scale (Lee and Lee, 1999).  
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2.8.5.2 Velocity and Shear Rate 
 
The scale accumulation rate is determined by the forces acting to bind  formed 
deposit on to the membrane surface and hydrodynamic shear forces opposing the binding 
process. Lee and Lee, 2000 have found that as the velocity increases and as the boundary 
layer decreases, surface crystallization decreases.  
 
2.8.5.3 pH and Ionic Strength 
 
Above a pH value of 8, and  CO32- and SO42- are the dominant ions in the solution 
and, hence, CaCO3 and CaSO4 scaling takes place very easily. Increasing the ionic 
strength of the solution increases the solubility of salts, this increases the level of 
supersaturation at which crystallization will occur (Sheikholeslami and Ng, 2001). 
    
2.8.5.4 Nucleation 
 
The interaction between ions or molecules that form scale leads to a formation of 
clusters. These clusters further interact with the ions or molecules to form new nuclei on 
which, further deposition of material could take place. For the nuclei to form, the 
activation energy barrier of the nuclei has to be surpassed (Stumm and Morgan, 1981). 
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2.8.6 Cost of Scaling 
 
Scale formation leads to operational and maintenance problems and/or loss of 
efficiency. In RO system, scaling of membranes results in decreasing plant efficiency and 
does require in higher pumping pressures.  The cost due to scaling may be equivalent to 
about 10 % of the capital cost of the plant (Hamrouni et al., 2001).  
  
2.8.7 CaCO3 Scale Structure 
 
Calcium carbonate crystallizes in three different phases. They are calcite 
aragonite and vaterite (Dydo et al., 2003). Out of the three phases, calcite (rhombohedric 
structure) is theoretically the only stable phase at atmospheric pressure and within the 0-
90oC. However aragonite (orthorhombic) and vaterite (hexagonal) can be obtained as 
metastable forms in relation with the conditions of nucleation/growth. Sheikholeslami 
and Ng, 2001 found that both mineral and organic impurities can also have a major 
influence on the crystal growth process. For example, magnesium ions, which are present 
in sea water have the tendency to inhibit calcite formation but promote the aragonite 
formation.  
 
 
 
 
 
 28 
2.8.8 CaCO3 Scaling and Potential Determination 
 
In a solution, CaCO3 supersaturation level is given as: 
ssp
s K
COCa
K
K }}{{ 232* −+
==δ ----------------(2.1) 
Where K* is the solubility product (M)2,  Ksp is the thermodynamic solubility 
product (M)2 at equilibrium for the CaCO3 at the considered temperature while, {Ca2+} 
and {CO32-} are the activities of these ions (Gabrielli et al., 1999 ), M is the number of 
moles per liter of solution . When δs>1, scaling will take place. Dydo et al., 2003 has 
identified the Langelier Saturation Index (LSI) as the most suitable method to determine 
CaCO3 solution scaling potential. The LSI originally developed by Langelier is a 
calculated number used to predict the calcium carbonate stability of water; that is, 
whether water will precipitate, dissolve, or be in equilibrium with calcium carbonate. 
Langelier Saturation Index (LSI) is defined for a feed water of a membrane system as 
follows: 
LSI = pHR - pHs----------------------------(2.2) 
Where;  pHR = pH of the concentrate , pHs =  pH at saturation in CaCO3 and is 
defined as; 
pHs = (9.3 + A + B) – (C+D)-----------------(2.3) 
where A =  (log10(TDS) – 10)/10, B = -13.12 x log10(T) + 34.55, C = log10(Ca2+ 
as CaCO3) – 0.4 and D = log10(alkalinity as CaCO3) 
In the above set of equations T is measured in Kelvin and TDS (total dissolved solids)  in 
mg/l, Ca2+ and alkalinity in mg/l. 
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If the LSI of the concentrate in a membrane unit is negative, CaCO3 tends to 
dissolve and if positive, CaCO3 precipitation will take place.   
 
2.9 Fouling Models 
 
2.9.1 Resistance in Series Model 
 
Many models have been proposed during the last two or three decades for 
predicting fouling in R.O. membranes (Barger and Carnahan 1991; Schippers et al., 
1981). Out of these, the resistance in series model also known as cake filtration model  
given eq. 2.4  is the most popular model. Although derived  for predicting permeate 
volumetric flux through ultrafiltration membranes, later, resistance in series model has 
also been successfully applied to reverse osmosis by Belfort and Marx , 1979; Schippers, 
et al., 1981; Kimura and Nakao, 1975; Timmer et al., 1994; Van Boxtel and Otten, 1993; 
Vrijenhoek et. al, 2002; Ng and Elimelech, 2004 for colloidal fouling, and by Okazaki 
and Kimura, 1984 for slightly soluble salts. According to Okazaki and Kimura, 1984, the 
permeate flux (Jv) can be determined by the permeate resistance due to membrane and 
scale layer. When a scale layer is formed, it has a resistance to the flow of water in series 
to that of membrane and therefore, the permeate flux could be written as;  
sm
v RR
pJ
+
∆
=  ----------(2.4) 
where ∆p is the pressure difference across the membrane, and Rm and Rs are the 
resistance of the membrane and fouling layer. According to this model, the total 
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resistance of a membrane consists of two parts, the resistance of the clean membrane 
(Rm) and resistance of the fouling layer (Rs). While Rm is a constant, the Rs increases with 
time (Chen et al, 2004). The value of membrane resistance (Rm) is found by passing D.I. 
water through the membrane and monitoring permeate flux and pressure. Scaling layer 
resistance (Rs) can be found by using Carmen- Kozeny equation. 
Fane, 1984, defined the resistance in series model in a slightly different form than 
eq 2.4  as 
)( sm RR
PJ
+
∆
=
µ
---------(2.5) 
with  
m
p
s A
m
R β= ----------(2.6) 
Where Am = membrane area (m2), β = specific resistance (mkg-1), mp = mass of 
the particles deposited (kg) and µ = permeate viscosity (Ns/m2) 
In eq. 2.6, Carmen- Kozeny equation is used for defining β and is given as (Fane, 
1984): 
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and used the  model to predict particulate filtration and colloidal ultrafiltration. The terms 
ρp (kg/m3) ε, dp (m) is the density of the particles, porosity and diameter of the particles. 
However, this equation is valid for uniformly sized spherical particles. 
 Endo and Alonso, 2001 proposed the following relationship for the β to take into 
account particle polydispersity and particle shape. 
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Where, dvg is the geometric mean diameter (m) of dv, dv is the volume equivalent 
diameter (m) and σg  the geometric standard deviation (m), κ is the dynamic shape factor, 
which is defined as the ratio between the drag force acting on a sphere of the volume 
equivalent diameter. 
Using the β factor to calculate the Rs requires information on physical and 
geometrical properties of  foulants. Thus, in practice, due to the presence of numerous 
foulants in feed water, calculating the β factor is not possible.  
 
2.9.2 Concentration Polarization Model 
 
Salt rejecting membranes, with time, accumulate salt on their surfaces which 
result in a resistance to permeation of water.   With an increase in salt concentration at the  
membrane, there will be a tendency for these salts to diffuse back to the bulk solution, 
which can be described by using the Fick’s law as DdC/dy (Bowen and Jenner, 1995). 
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Figure 2.12 Concentration Polarization Model 
 
 
At steady state, by applying the mass balance for the salt (Figure 2.13), the salt 
concentration within the concentration boundary layer can be written as  
 
)9.2(−−−−−−−−−=
dy
dCDqCqCp  
 
 
Above equation can be integrated by using the boundary conditions y=0, C=Cm 
and y=δ, C=Cf .   
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Hence,  permeate flux (q) could be finally, written as: 

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where q = permeate flux (m3/m2/s), D = diffusivity (m2/s), δ = boundary layer 
thickness (m), C = salt concentration at a point within the boundary layer (mol/m3), Cm = 
q 
Cp 
Cf 
Cm 
Uniform 
mixing 
Concentration  
Boundary Layer (δ) membrane 
Feed Flow 
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salt concentration at the membrane surface (mol/m3), Cf = salt  concentration in  the feed  
(mol/m3), Cp = salt concentration in the permeate (mol/m3),  
Brian, 1966, was the first person to derive the equation (2.11) for a reverse 
osmosis system. This model has been developed for feed salt solutions and cannot be 
applied when particles are present.  
 
2.9.3 Gel Polarization Model  
 
Blatt et al., 1970 said that for a feed that contains macrosolutes/colloidal particles, 
as the concentration at the membrane surface increases, the macrosolute deposit layer 
resembles a solid or thioxotropic gels. For colloidal particles, the gel layer resembles a 
close-packed sphere. The thickness of the gel layer on the membrane continues to 
increase until the steady state is reached. At the steady state, permeate flux is only a 
function of the back diffusion.  According to this model for 100 % rejection, the permeate 
flux could be written as;  

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Where the diffusivity (D) be calculated from Stokes-Einstein relationship  
p
B
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piµ3
= -------(2.13) 
Where J = permeate flux (m3/m2/s), D = diffusivity (m2/s), δ = boundary layer 
thickness (m), Cg = gel layer concentration  (mol/m3), Cb = bulk feed concentration 
(mol/m3), T = temperature (K), µ = viscosity (Ns/m2), dp = particle diameter (m), k = 
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mass transfer coefficient (m/s) and  KB = Boltzmann constant (JK-1). According to the 
Gel Polarization Model, the permeate flux is independent of the operating parameters 
such as applied pressure and cross flow velocity. This model can predict the permeate 
flux of macromolecular solutes with reasonable accuracy,  but it has been reported that 
for ultrafiltration of colloids, the difference between the Gel Polarization Model predicted 
and the experimental flux is often one to two orders of magnitude.  
 
2.9.4 Inertial Migration Model 
 
Serge and Silberberg, 1962 observed that particles flowing through a non-porous 
tube were subjected to radial forces, which transport them away from the tube wall and 
the longitudinal axis.  These particles, irrespective of their entry point to the tube, reached 
a certain equilibrium position at about 0.6 tube radii from the longitudinal axis, which is 
not time dependent.  However, Altena et al., 1983 said that particles with a radius larger 
than 1.0 micron are affected by the lift velocity while submicron particles tend to be 
transported to the membrane wall by permeation drag.  
 
2.9.5 Shear Induced Hydrodynamic Convection Model 
 
Madsen, 1977 and Altena and Belfort, 1984 found that inertial lift velocity is less 
than the permeation velocity in cross-flow filtration.  This results in the formation of a  
 35 
cake layer on the membrane surface. Blatt et al., 1970 said that the cake thickness reaches 
an equilibrium when the convective particles transporting towards the membrane are 
equal to the particles being removed by the shear force generated by the moving fluid. 
 
2.9.6 Shear Induced Hydrodynamic Diffusion Model 
 
According to this model, the thickness of the cake layer will continue to increase 
until the cross-flow, which induces a shear stress on the cake layer, is adequate  to cause 
shearing of the outer particles in the cake layer. The effect of this shear-induced motion is 
the net transport of particles in the direction of decreasing particle concentration.  
Schwinge et al., 2002, used shear induced diffusion model to predict foulant built 
up on a reverse osmosis membrane. According to him fouling took place only when 
J>Jcrit. He found the deposited mass on a membrane is equal to 
tCJJm partcritsolventc ∆−=∆ )( ----------(2.14) 
Where ∆mc = deposited mass of particles (kg) during the time interval ∆t (s), Jcrit 
(m3/m2/s) is the critical flux (critical flux is the permeate flux at which no further fouling 
would take place on the membrane) and is a function of the feed velocity as given by the 
following equation 
11 Re baJcrit += ----------(2.15) 
Where a1 and b1 are constants that have to be found experimentally for an 
experimental unit that has feed spacer in a diamond orientation. Jsolvent (m3/m2/s) is the 
solvent flux Cpart (mg/l) is the foulant concentration and Re, the Reynolds Number. If this 
model is to be used, one needs to first determine the Jcrit,, which is a function of the 
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crossflow velocity. If the experimental unit is such that the crossflow velocity has very 
little impact on the permeate flux, then this model is of little use. 
 
2.9.7 Scour Model 
 
Scour model for ultrafiltration of particles was suggested by Fane, 1984. This 
model is based upon the scouring control of the cake layer by the tangential flow of the 
feed solution.  In this model, the rate of solids transported towards the membrane surface 
is balanced by the rate of scour. This relationship could be defined by the following 
expression: 
c
c
b Cdt
dJC 





−=
δ
---------(2.16) 
Where J is permeate flux (m3/m2/s), δc is the cake thickness (m), Cc the cake 
concentration (kg/m3) and Cb the bulk concentration (kg/m3) and 
.
γδ ec Kdt
d
−= -----------------(2.17) 
where Ke (m) is the erosion coefficient and 
.
γ  (s-1) is the shear rate. A drawback 
of this model is the non-inclusion of the particle size. Also, if the flow rate does not 
influence the permeate flux, so would the rate of scouring and under these circumstances 
the model will be of no use. 
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2.9.8 Turbulent Burst Model 
 
Cleaver and Yates, 1973, 1976 suggested that particles deposited onto a smooth 
impermeable wall can be removed by a “turbulent burst”. According to them, the 
turbulent burst removes deposited material from a membrane surface by seeping into the 
laminar sub-layer formed adjacent to the membrane and removing the fouling layer.  
Using this principle, Gutman, 1977 modeled the permeate flux with time for reverse 
osmosis membranes fouled by suspended and colloidal material. He defined the net rate 
of fouling of the membrane surface to be equal to the difference between the rate of 
deposition and re-entrainment as; 
ed rrdt
dm
−= --------------(2.18) 
where m = deposited foulant mass (kg), rd  and re  are rate of deposition (kgm-2s-1) 
and re-entrainment (kgm-2s-1).  The rate of deposition given in (2.18) is dependent on the 
reynolds number and is given by  
bd CJkr )2/( 2 += -------------------------(2.19) 
In applying this model, the hydraulic resistance of the fouling layer (Rf) is 
assumed to be proportional to the weight of the foulant deposited. 
Rf=Km ------------------------(2.20) 
and then finally arriving at the following model 
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When J>2k2 and  
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When J<2k2 
where, J = permeate flux of the un-fouled membrane (m3/m2/s), Jf = permeate flux 
of the fouled membrane (m3/m2/s), Rm, Rf = hydraulic resistance of the membrane and 
the fouling layer (Nsm-3), K = hydraulic resistance of the fouling layer per unit mass 
(Nsm-1kg-1), Ub = bulk velocity (ms-1), Cb = bulk feed concentration (kg/m3), m = mass of 
foulants deposited per unit area (kg/m2), k2 = mass transfer coefficient (md-1), t = time (s)  
and B (sm-2) and α* = K/Rm (m2/kg-1) are coefficients. This model is dependent on the 
crossflow velocity and, therefore, if the crossflow velocity has very little impact on the 
permeate flux this model is of no use. 
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Chapter 3 
 
 
Experimental Methodology 
 
 
This chapter presents the technical procedure utilized in performing the 
experimental part of this research. The chemical preparation and the instrumentation are 
described first, followed by the experimental procedure.  
 
3.1 Electrokinetic Mobility and Zeta Potential Measurement  
 
3.1.1 Materials and Chemicals 
 
All chemicals used in these experiments were ACS certified or better. For 
practical purposes (reasons are described in the results section), it was decided to use 
kaolin concentrations of 50, 150 and 250 mg/l, respectively. For the CaCO3 solutions, 
concentrations of 0.0005 and 0.0015 M were used by mixing equimolar CaCl2 and 
Na2CO3 solutions. To prepare kaolin suspensions, initially a measured quantity of kaolin 
clay (Sigma-Aldrich Corporation, St. Louis, MO) was mixed in 1.0 L of distilled water 
and stirred. Next, 100 ml samples were selected for EM (Electrokinetic Mobility) 
measurements. Prior to carrying out EM measurements, pH of the samples were 
measured with OAKTON 510 pH/Ion meter (Eutech Instruments, Vernon Hills, IL) and 
 40 
then the pH of the samples were adjusted either by using 0.1 M NaOH or HCl solutions. 
This same procedure was for the kaolin clay samples mixed in 0.0005 or 0.0015 M 
CaCO3 solutions.  
 
3.1.2 Measuring Instrument and Technique 
 
The EM measurements were carried out with a ZM-80 (Zeta Meter Inc., Staunton 
VA) Zetameter (Figure 3.1) using the micro-electrophoresis principle, which measures 
the mobility of charged particles by determining their rate of movement in a DC voltage 
field. The clay suspension to be tested was first placed in an electrophoresis cell (Figure 
3.2). Electrodes were inserted at each end of the cell and were connected to the power 
supply, and the cell then placed on the mirrored cell holder that permits a light beam to 
focus on the cylindrical glass tube of the cell. The voltage to be applied was determined 
by the specific conductivity of the solution and is given in table 3.1. The time taken by a 
particle to travel a particular micrometer distance was measured using model Zeiss DR 
microscope (Figure 3.3). To minimize reading error, a minimum of 10 particles were 
tracked and their average time of travel was calculated.  
In the ZM-80 electrophoresis cell, the distance traversed for one full micrometer 
division is 160 microns. The voltage field strength is the overall applied voltage divided 
by the length of the cell tube which is 10 cm. The equation for the EM becomes (Zeta-
Meter  Manual ZM -80); 
)1.3(10*160 −−−−−−−=
v
cm
t
micronsEM  
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Figure 3.1 ZM-80 Apparatus 
 
 
 
 
 
Figure 3.2 GT-20 Electrophoresis Cell 
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Figure 3.3 Zeiss DR Microscope 
 
 
)2.3(
V*t
1600EM −−−−−−−−−=  
Where; t = time (in seconds) to traverse one full division, V = applied voltage in volts 
and EM = Electrophoretic mobility of particles in microns per second/volts per 
centimeter.  
The Helmholtz-Smoluchowski equation is the most elementary expression for 
calculating Zeta potential from EM (Zeta-Meter Manual ZM -80) and is given by: 
)3.3(*)(
)(4
−−−−−−−= EM
D
VZP
θ
θpi
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Where; EM = Electrophoretic mobility at actual temperature, V(θ) = Viscosity of the 
suspending liquid in poises at temperature “θ”, D(θ) = Dielectric constant of the 
suspending liquid at temperature “θ”, ZP = voltage in electrostatic units. 
Table 3.1 Specific Conductance and the Recommended Maximum Applied 
Voltage Relationship for ZM -80  
Specific Conductance 
(Microhms/cm) 
Recommended Maximum 
Applied Voltage (DC) 
Less than 300 300 
700 200 
1,500 133 
3,000 100 
6,000 67 
10,000 50 
20,000 40 
30,000 30 
40,000 25 
60,000 20 
 
 
 
3.2 Membrane Characterizing, Fouling, Scaling and Modeling Experiments 
 
3.2.1 Design Philosophy 
 
In the fouling studies, permeation quantity and quality data are required to 
determine the membrane performance. Therefore, when designing the experiments, focus 
should be paid on the proper selection of a membrane, feed solution and its concentration, 
and the membrane module. The operating conditions should cover a wide range and 
provide a stable system performance. The selected membrane module must have a simple 
geometry. 
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3.2.2 Experimental Unit 
 
 A schematic diagram of the laboratory scale crossflow RO test unit is shown in 
Figure 3.4. All the experimental runs were carried out in complete recirculation mode. 
The membrane test unit consisted of a membrane cell, a high pressure positive 
displacement pump/motor, a feed reservoir, a mixer and a temperature control system.  In 
this unit, the test solution was held in a 100 liter feed reservoir (1)  and fed to the 
membrane cell by a constant-flow diaphragm pump (2) (Model M-03-E made by Hydra-
Cell, Wanner Engineering Inc. Mineapolis, Minnesota), capable of providing a maximum 
pressure of 6,900 kPa and a maximum flow of 6.93 x 10-5 m3/s (1.1 gpm). A Blacoh 
H1020B pulsation dampener (CAT) (10) is installed at the outlet port of the pump to 
eliminate vibrations created by pumping. This dampener is initially pressurized at 1,380 
kPa using an air hand pump and, then, gradually, depressurized so that the dampener 
bladder pressure is always maintained at half the system operating pressure. The feed that 
contained clay particles or scaling salts or a mixture of both were held in suspension in 
the feed tank by continuous agitation with a mixer (12). The crossflow velocity in the 
membrane cell (4) is controlled by a bypass valve which split the flow such that only a 
portion of the test solution goes to RO membrane unit.  The desired trans-membrane 
pressure is set by throttling the needle valve on the concentrate side of the membrane. 
Temperature is maintained at ± 23oC by circulating water through a chiller (3) (Cole-
Parmer Polystat model). 
 All pipes and fittings on the high pressure side, which were up to the flow control 
valve on the concentrate side of the membrane and up to the by-pass line flow control 
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valve were of stainless steel type 316. In all other locations, braided Polyvinyl Chloride 
(PVC) hosings were used. Polyvinylidene Fluoride (PVDF) pipes were used in the 
permeate collection line. 
 
 
Figure 3.4 Schematic Diagram of the Experimental Set-up 
 
3.2.3 Membrane Type and Specifications 
 
Commercially available thin film composite LFC1 polyamide reverse osmosis flat 
sheet membranes manufactured by Hydranutics, Oceanside, CA were used in the 
experiments. The membrane’s operating pH range was between 3 to 10. According to 
manufacturer’s information, its NaCl rejection capacity is 99.4% and is capable of 
producing 29 GFD at a test pressure of 1,550 kPa and at a temperature of 25o C when 
used with 1500 ppm NaCl solution. Surface property of Low Fouling Composite (LFC 1) 
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membrane has been modified during casting process to provide the membrane with low 
fouling characteristics. The membrane maintains a relatively neutral surface charge over 
both acidic and basic pH environment.  Its hydrophilicity is 47o   (Gerard et al., 1998). 
Membranes were delivered in flat sheet forms to the laboratory.  The membranes 
were cut into 7.5 x 5.5 inch coupons as required by the membrane filtration cell, and, 
necessary holes made using a template.  Each membrane coupon was washed with 
deionized water and then stored in fresh deionized water at 5o C, prior to using in scaling 
or fouling experiments. Each new membrane was placed in the membrane cell with the 
skin layer facing the high pressure side of the membrane.  Used membrane was replaced 
by a new membrane at the beginning of each new experimental run. 
 
3.2.4 Membrane Cell and Holder   
 
 The choice of the membrane module is important as it influences the 
hydrodynamics on the membrane surface. In order to keep the hydrodynamics uniform in 
all  the experimental runs, a stainless steel rectangular flat sheet membrane cell (Sepa CF 
II Membrane Cell System), manufactured by GE water Technologies was used. This cell 
consisted of two rectangular type 316 stainless steel plates (Figs. 3.5, 3.6, 3.7 and 3.8) 
and the cell body dimensions of this unit were 16.5 cm x 21.3 x 5.2 cm. The membrane 
piece was held between these two plates and subjected to high feed pressure by sealing 
the steel plates with two rubber rings. The feed water channel dimensions of the cells 
were 14.6 and 9.5 cm for channel length (Lc) and width (Wc), respectively. The channel 
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Figure 3.5 Membrane Cell 
 
 
 
Figure 3.6 Reverse Osmosis Flat Sheet Membrane Cell – Bottom Side 
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Figure 3.7 Reverse Osmosis Flat Sheet Membrane Cell – Top Side 
 
                           
Figure 3.8 Reverse Osmosis Flat Sheet Membrane Cell – Assembled View 
 
height (Hc) was 0.2 cm. This gave a feed cross sectional area of 1.9 x 10-4 m2. The active 
surface area of the membrane was 139 cm2. This membrane cell was held in a stainless 
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steel holder, which had 6 steel bolts to seal the membrane compartment.  The bottom side 
of the membrane cell is referred to as high pressure side or feed side and the top side is 
referred to as the low pressure or permeate side. Sepa CF II was a lab scale cross-flow 
membrane filtration unit that provided fast and accurate performance data with minimal 
amounts of membrane, product, expense, and time. Its design simulated the flow 
dynamics of larger, commercially available membrane elements, such as spirally-wound 
membrane elements. 
The other principal instruments used in the experiments and their specifications, 
including manufacturer are given in table 3.2. 
Table 3.2 Instruments and their Specifications 
No: Instrument  Manufacturer Model Calibration 
Required 
Range Accuracy 
1 Analytical 
Balance 
Mettler 
Toledo 
Delta Range 
AE 260 
 
Yes 0-81 g 0.1 mg 
2 Electronic 
Top loading 
Balance 
Ohaus 
 
adventurer Yes 0-3100g ±0.1g 
3 - do -  - do -     
4 Conductivity 
meter & 
probe 
YSI Field YSI 
Conductivity 
meter 
Yes 0-2 µS/cm 
0-20 µS/cm 
0-200 µS/cm 
0-2000 
µS/cm 
±0.2% 
±0.15% 
±0.1% 
±0.15% 
5 Flowmeter  McMillan Model 111 Yes 20-200 
mL/min 
100-2000 
mL/min 
±3% 
6 Presssure  
Gauge 
Wika 13x.53 Yes 0-1000 psig ±0.15% 
7 Stopwatch Cole-Parmer Easy-Grip 
Stopwatch 
Yes 24 h ±1.5% s/day 
8 Volumetric  
Flask 
Kimble Serialized and 
Certified 
Class A with 
Stopper 
Yes 0-10 mL ±0.2% 
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3.2.5 Experimental Procedure for Membrane Characterizing, Fouling, Scaling and 
Combined Fouling and Scaling Runs 
 
LFC 1 membrane is a brackish water membrane that is operated under low 
pressure conditions. Considering the LFC 1 membrane manufacturer recommended 
operating pressure (1,550 kPa), the R.O. membrane experiments for pure water, fouling 
and scaling runs were carried out at transmembrane pressures of 1,380, 2,070, 2,760 and 
3,450 kPa values. These pressure values correspond to 200, 300, 400 and 500 psi.  In all 
the experiments, crossflow velocity values of 4.04, 8.08, 12.9 and 26.26 cm/s were used. 
These values were based on the typical crossflow velocity range that could be measured 
by the flow meter of the experimental set-up. In the clay fouling runs, a kaolin 
concentration of 50, 150 and 250 mg/l were chosen to cover the average concentration of 
clay particles that is present in surface water sources after a rainfall.  In the CaCO3 
scaling runs, an equimolar of 0.0005M CaCl2 plus 0.0005 M Na2CO3  and  0.0015M 
CaCl2 plus 0.0015 M Na2CO3 solutions were used. A low salt concentration was used to 
induce concentration polarization and surface crystallization of CaCO3 but to prevent 
bulk crystallization from taking place in the feed container. 
 
3.2.5.1 Membrane Characterizing 
 
At first, the membrane was characterized for a known salt (CaCl2). This was done 
by varying transmembrane pressure from 1,380 to 3,450 kPa and crossflow velocity at 
4.04 cm/s and 26.26 cm/s and by monitoring the steady state permeate flow and quality. 
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The transmembrane pressure was measured by a precision pressure gauge (WIKA).The 
feed flow rate was measured with the digital flow meter (McMillan, Model 111). The 
feed solution and the permeate salt concentration was measured by a conductivity meter 
(YSI -35) and a conductivity probe (YSI -3417). The total permeate volumetric flux 
through the membrane was measured by collecting the permeate for a defined period of 
time and then weighing the permeate using a analytical balance. The collection time 
depended upon the permeation rate, but in general, 2-3  minutes were sufficient to collect 
around 20 ml of permeate. The collected amount was then used to measure the 
conductivity.  The pH of the solution was monitored with a OAKTON 510 pH/Ion meter 
(Eutech Instruments, Vernon Hills, IL). The temperature of the feed solution was 
measured using a Thermometer (Flinn Sc. Co., USA). The temperature was maintained 
nearly constant in the range 23±1oC for all data sets. 
 
3.2.5.2 Compaction of the Membrane and Pure Water Permeability 
 
Before using the membrane coupons in any of the experimental runs that are 
described in latter sections of this chapter, distilled water (conductivity 1.5 - 2.0 
µohm/cm) was circulated within the unit at a transmembrane pressure of 3,450 kPa   and 
at a crossflow velocity of 26.26 cm/s for up to 12 hrs to dissociate flux decline due to 
membrane compaction and other unknown causes inherent in lab-scale recirculation 
system. Flux was monitored continuously for the duration of the experiment. The values, 
thus obtained, were used as baseline values for the fouling and scaling experiments. 
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3.2.5.3 Kaolin Fouling Experiments 
 
 For fouling runs with kaolin clay, for pre-compacted membrane (3.2.5.2), first 
filtration was carried out with distilled water (conductivity 2.0 µohm/cm) at the 
experimental pressures (1,380, 2,070, 2,760 and 3,450 kPa) and at cross flow velocity 
values (4.04, 8.08, 12.9 and 26.26 cm/s) appropriate for that particular run until a steady 
state (none or very little variation of permeate flux with time) is reached. Later, this 
steady state value was used to calculate the pure water permeability of the membrane. 
Once the steady state value was reached, the kaolin particles, at the required 
concentration were quickly added to the system and mixed thoroughly, and, then, 
permeate flux was monitored again until the steady state was reached. Throughout the 
runs, clay particles were held in suspension by agitating the contents of the feed tank. If 
the steady state was not reached by at least 6 hrs, the experiment was curtailed at the end 
of six hours. In addition to the permeate flux, feed and permeate conductivity was also 
continuously monitored, in order to check the influence the addition of kaolin clay 
particles into feed solution, had on feed conductivity. 
 
3.2.5.4 CaCO3 Scaling Experiments 
 
In the scaling runs, like in the fouling runs, first filtration was carried out with 
distilled water (conductivity 2.0 µohm/cm) at the experimental pressures (1,380, 2,070 
and 3,450 kPa) and at cross flow rates (4.04, 8.08, 12.9 and 26.26 cm/s) appropriate for 
that particular run, until, a steady state (none or very little variation of permeate flux with 
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time) was reached. The scaling solution was prepared by first making individual CaCl2 
and Na2CO3 salt solutions of desired concentrations, separately. Thereafter these 
solutions were transferred into the feed container and mixed further. Next, permeate flux 
and permeate and feed conductivity, together with pH values was continuously monitored 
with time until the steady state was reached.  If the steady state was not reached by at 
least 6 hrs, the experiments were curtailed at the end of six hours.   
 
3.2.5.5 CaCO3 Scaling and Kaolin Fouling Experiments 
 
For combined scaling and fouling runs, as in the individual fouling and scaling 
runs,  first filtration was carried out with distilled water at the experimental pressures 
(1,380, 2,070, 2,760 and 3,450 kPa)  and cross flow rates (4.04, 8.08, 12.9 and 26.26 
cm/s) appropriate for that particular run until a steady state was reached. Next, kaolin and 
individual salt solutions were added separately to the feed container and permeate flux. 
Then, permeate and feed conductivity, together with pH, was continuously monitored 
until the steady state was reached. Throughout the experiment, clay particles were held in 
suspension by agitating the contents of the feed tank. If the steady state was not reached 
within 6 hrs, the experiment was curtailed at the end of six hours. At the end of this run, 
the system was cleaned, first with tap water, followed by deionized water. Next, in order 
to check the effect of kaolin fouling only, another run was carried out at a pH = 4.00 by 
adding 0.01 M CH3COOH to D.I. water. During these runs, the permeate flux was 
monitored until the flux recovery reached a steady state. Again the system cleaning 
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procedure was repeated, first with tap water, followed by D. I. water. Finally, the cleaned 
membrane’s pure water flux was measured by running the unit with the D. I. water.  
 
3.2.5.6 Membrane and System Cleaning after Operation 
 
At the end of each fouling and scaling run, fouled or scaled membrane in the 
membrane cell was replaced by the “washable” membrane (membrane used only for 
cleaning the unit).  The feed water in the feed container was replaced by tap water, which 
was made to run through the unit to flush the entire system. Thereafter, to further clean 
the system of fouling particles and/or salts,  the tap water in the feed tank was replaced by 
distilled water (conductivity 1.5 -  2.0 µohm/cm),  which was made to run through the 
system.  
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Chapter 4 
 
Results and Discussion 
 
In the first section of this chapter the absorbate particles (kaolin and bentonite) 
and the results of zeta potential measurements are characterized. Part of this research 
focused on the clay fouling of a Reverse Osmosis (R.O.) membrane and the effects of 
clay - CaCO3 interactions on R.O. membrane fouling. The fouling could be influenced by 
the charge on a clay particle. Hence the zeta potential of kaolin particles both in distilled 
water and in CaCl2 and Na2CO3 solutions of varying concentration and under different 
pH conditions was investigated.  
 Results of the purewater permeation experiment using the LFC 1 (Low Fouling 
Composite 1) membrane are discussed. This data was used to determine the membrane 
resistance. In the same section, permeate data will be used to evaluate the performance of 
the LFC 1 membrane operating at two extreme crossflow velocities.  
 The third section presents the results of kaolin clay fouling on a LFC 1 reverse 
osmosis membrane. Then studies were conducted to determine the effect of operating 
parameters (trans-membrane pressure, crossflow velocity, feed concentration) on flux 
decline. For comparison purposes, data from bentonite clay fouling experiments were 
used.
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In the fourth section membrane scaling studies were conducted using CaCO3 
solutions. In this section the effects of operating parameters, on membrane scaling were 
investigated, which included the effects of changes in pH. The final section discusses the 
interaction between salts and clay particles and their effects on membrane performance.  
 
4.1 Characterization of Clay Particles 
 
4.1.2 Surface Area 
 
The specific surface area of kaolin and bentonite particles obtained from BET 
(Brunauer – Emmett – Teller) measurements using Monosorb (Quantachrome 
Corporation, Boynton Beach, FL) were 19.2 m2/g and 11.76 m2/g respectively. The value 
for kaolin is within the range (10-20 m2/g) given for natural kaolinite.  Although values 
for bentonite clay are not available, the values for montmorillonites clays which is the 
primary clay mineral (70%) present in bentonite are often around 30 m2/g (Rouquerol et. 
al, 1999).   
 
 
4.1.3 Particle Size Analysis 
 
 
Particle size analysis for kaolin clay sample is given in Appendix B. From the 
Figures B.2, B.3 and B.4 it can be seen that at pH=9.0, as the CaCl2 and Na2CO3 
concentration increases, the number of large particles tend to increase. This characteristic 
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is more pronounced in figure B.4. This could be a result of kaolin particles acting as 
nuclei for the CaCO3 crystallization.   
 
4.1.4 Zeta Potential Measurement 
 
4.1.4.1 Kaolin in Distilled Water and Salt Solutions 
 
The data presented in figure 4.1 shows the Zeta potential (ZP) of kaolin as a 
function of pH values between 3 to 10 in DI water and in combined salt solutions.  In 
distilled water, the measurements show that Kaolin particles display a negative zeta 
potential that varies from 0 to -16 millivolt (mv) over the pH range between 3 to10. As 
the pH increases, although the negative zeta potential of clay particles increases, the rate 
of ZP increase decreases.  The increase in negative ZP value with pH may be due to 
charge developing at edges by direct transfer of H+ from the clay particle to the water.  
 
4.1.4.2 Kaolin in Combined Salt Solution 
 
Figure 4.1 also shows the behavior of kaolin in salt solutions. As the 
concentration of salts increases from 0.0 M (no salt) to 0.0015M, the ZP values decrease 
gradually and reach zero at 0.0015 M. At 0.0015 M salt solutions, pH value of the 
solution has no effect on clay particle ZP. Also, at the clay and salt concentrations that 
were tested, no charge reversal of kaolin particles was observed. 
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Figure 4.1 Zeta Potential (mv) vs pH for Kaolin in Distilled Water and Scaling 
Solutions. Kaolin Concentration = 150 mg/l 
 
 
4.2 Membrane Characterization 
 
4.2.1 Purewater Permeation Tests for the LFC 1 Membrane 
 
As explained in chapter 3, permeability tests were carried out to determine the 
purewater transport coefficient (Kw) of the LFC 1 membrane.  The regression analysis 
results are given in figure 4.2. Figure 4.2 shows that a linear regression has an R2 value of 
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0.998. From the linear regression analysis it can be seen that there is a perfect linear 
relationship between the purewater flux and transmembrane pressure.The results also 
indicate that there is no transmembrane pressure effects on the water permeability of the 
membrane. 
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R2 = 0.99788
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 1 2 3 4
Transmembrane pressure (Pa x 10-6)
Pu
re
 
w
a
te
r 
flu
x 
(gm
/cm
2 .
s*
10
5 )
Run 1
Run 2
Run 3
Run 4
Figure 4.2  Pure Water Flux vs Transmembrane Pressure for 
LFC 1 Membrane 
 
 
The slope of the plot gives the pure water coefficient value of 1.097*10-11 
(gm/cm2.s.Pa) for the LFC 1 membrane.  The clean membrane resistance, which is the 
membrane resistance to water flow, is the most important characteristics of RO 
membrane.  The clean membrane resistance value, which is the reciprocal of Kw, is 9.11 x 
1010 Pa.s.cm2/gm.  The result also shows that the clean membrane resistance is a constant 
for the LFC 1 membrane and the applied pressure does not cause any membrane 
compaction within the experimented transmembrane pressure range.  
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4.3 Membrane Performance 
 
 The comparison of permeate flux vs applied pressure with solutions of  CaCl2 at 
0.0005 M and 0.001 M at two different velocities are shown in Figure 4.3 and 4.4. As the 
pressure increases, the rate of increase of the permeate flux for salt solutions tend to 
decrease, resulting in different behavior than for D.I. water run. Also, for the same feed 
concentration, permeate flux tends to increase with increasing cross flow velocity. 
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Figure 4.3 Purewater Volumetric Flux vs Transmembrane Pressure for 0.0005 
M CaCl2 for LFC 1 Membrane 
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Figure 4.4 Purewater Volumetric Flux vs Transmembrane Pressure 
for 0.001 M CaCl2 for LFC 1 Membrane 
 
 
These results can be explained as follows. As the permeate flow through the 
membrane, due to the rejection of salt, salt concentration at the membrane surface 
increases, which inturn increases the osmotic pressure at the membrane.  Increased 
osmotic pressure reduces the net driving force through the membrane and hence a 
reduction in the permeate flux. However when the crossflow velocity is increased, it 
causes a decrease in the boundary layer thickness and salt concentration at the membrane 
surface. This results in a lower osmotic pressure leading to a higher permeate flux. 
.Although the strength of the feed solution used is relatively small (0.0005 M and 0.001 
M), still, there is concentration polarization taking  place at the membrane surface.  
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4.4 Membrane Fouling Runs with Kaolin 
 
Transmembrane pressure (1,380 – 3,450 kPa), kaolin concentration (50 - 250 
mg/l) and crossflow velocity (4.04 and 26.26 cm/s) were selected as the independent 
variables in these studies. Permeate flux was considered the dependable variable and 
monitored with time. Further, feedwater and permeate conductivity were constantly 
monitored over time to determine if any leaching of ions is taking place from kaolin 
particles.  
 Low Fowling Composite (LFC 1) membrane was used and operating pressure 
range between 1,380 – 3,450  kPa was selected for the experimental work. The reasons 
for choosing 50-250 mg/l Kaolin concentration are, one, during heavy rain or watershed 
land slides, on average, the montmorillonite and kaolinite clay concentration in the water 
could reach a value around 100 mg/l, two, high particle concentrations are used in 
laboratory scale membrane experiments so that fouling may be observed within a 
reasonable time frame.  
 
 
4.4.1 Flux-Time Relationship 
 
Figure 4.5 shows the decline in relative permeate flux vs time for various kaolin clay 
concentration and different operating pressures. The following empirical observations are 
noted from figure 4.5. 
1. A linear permeate volumetric flux vs time relationship  
2. The existence of an operating condition at which no flux decline could be found. 
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4.4.2 Linear Flux vs Time Relationship 
 
It was observed that for the operating pressure of 3,450 kPa, the permeate flux 
decline was linear with time within the duration of the experiments (6 hrs). A maximum 
of 20 to 32 % decline in relative flux (defined as the permeate volumetric flux at any time 
divided by the permeate volumetric flux at the start of the experiment) was observed. 
According to Cohen and Probsetin, 1986, this linear behavior suggests that the foulant 
cake growth is linear in time.   
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4.4.3 Comparison of Kaolin with Bentonite Clay Fouling 
 
Figure 4.6 shows the relationship of relative permeate volumetric flux vs time for 
kaolin and bentonite clay for 150 mg/l and 100 mg/l solution concentration and varying 
pressure.  The most interesting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
feature in this graph is the flux at an operating pressure of 1,380 kPa for both clays within 
the operating period with no flux decline being observed. As the pressure is increased to 
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2,070 and 3,450 kPa, a higher flux decline was observed in the bentonite experiments, 
although they have lower clay concentration (100 mg/l) than in kaolin (150 mg/l). The 
permeate flux reduction occurs due to the deposition of a fouling layer on the membrane. 
bentonite is a clay generated predominantly from smectite minerals, which displays 
swelling when exposed to water. The higher flux decline observed from the bentonite 
experiments appears to be due to the swelling property of bentonite when exposed to 
water, which does not occur with kaolin clays. When the fouling layer accumulates on the 
membrane surface, bentonite will start to expand and reduce the permeability of the 
fouling layer. 
 
4.4.4 Effects of Operating Variables on Flux 
 
4.4.4.1 Applied Pressure 
 
Figure 4.7 shows the effects of applied pressure on flux decline. The results show 
that for the same kaolin concentration and flow velocity, application of a higher pressure 
yields a higher permeate flux at the beginning but leads to a greater flux decline. As the 
transmembrane pressure reduces, the rate of flux changing also reduces. However, at a 
pressure of 1,380 kPa, flux decline is not visible.   
This feature shows the importance of the applied pressure force in filtration and 
cake formation. For the cake layer to be formed on the membrane, clay particles have to 
be transported near to the membrane surface. Then particles have to get attached to the 
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membrane surface, which needs a force that could overcome the particle -membrane 
surface repulsive force. Once the first layer is formed, the particles have to 
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Figure 4.7 Permeate Flux vs Time for Applied Pressure = 1,380 -  
3,450  kPa, and Kaolin Concentrations = 150 mg/l and Crossflow 
Velocity = 4.04 cm/s, pH = 9.0 
 
 
overcome the subsequent particle-particles repulsive forces for subsequent foulant layer 
growth.  In the case of application of 3,450 kPa trans-membrane pressure, a higher initial 
permeate flux (4.0 m3/m2/s*10-5) due to higher applied pressure transports brings more 
clay particles to the membrane. Further, the higher applied pressure also provides the 
necessary force to overcome the particle-membrane repulsive force, while providing 
compressive force that is needed to compress the foulant layer. The result is the 
formation of a thicker cake layer on the membrane surface leading to a lower permeate 
flux. During an operating time of 6 hrs, no flux decline was observed for the membrane 
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operating at 1,380 kPa producing 1.5 m3/m2/s*10-5. Visual inspection of the used 
membrane after the experimental runs showed no deposition occurring on the membrane 
that was subjected to 1,380 kPa transmembrane pressure.      
 Under the tested conditions (pH = 6.7), kaolin particles have negative ZP values 
(Figure 4.1). Previous studies done on LFC 1 membrane (Vrijenhoek et al., 2001) 
indicate that the membrane has negative ZP at the tested conditions. The  drag force 
exerted by the permeate on Kaolin particles at 1,380 kPa may not be adequate enough to 
overcome the electrical double layer repulsion between membrane – particle and particle 
– particle. This could be the reason for no fouling occurring at 1,380 kPa. 
 Flux decline is important from an operational point of view. These results show 
that when the feed water contains fouling clay particles, the advantage of operating a 
membrane at a higher pressure to obtain higher permeate flux is lost due to higher flux 
decline.  
 
4.4.4.2 Particle Concentration 
 
The effect of kaolin clay particles on the fouling rate is shown in Figure 4.8. It 
appears that the permeate flux decline is a function of kaolin clay concentration with the 
greater flux decline occurring at higher feed concentrations.  The large decline of 
permeate flux at a higher feed particle concentration is the result of an increased particle 
transfer rate. As the convective particle transport towards the membrane increases, the 
overall rate of clay deposition on the membrane increases. This results in higher 
resistance to water flow through the membrane.  
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Figure 4.8 Permeate Flux vs Time for Kaolin Concentration. Transmembrane 
Pressure = 3,450 kPa and Crossflow Velocity = 4.04 cm/s, pH = 6.4 - 6.8 
 
 
4.4.4.3 Crossflow Velocity 
 
The effect of crossflow velocity on kaolin fouling is presented on Figure 4.9 (t-
test results are given in Appendix A table A.5). This shows that for transmembrane 
pressure of 1,380 kPa, and kaolin concentration of 150 mg/l, decreasing the crossflow 
velocity from 4.04 to 1.62 cm/s did not influence the permeate fouling.  In order to 
establish the flow regime, Reynolds numbers were calculated and found to be 80.8 and 
32.4 for the velocities of 4.04 and 1.62 cm/s, respectively. These values fall within the 
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laminar flow regime for a rectangular channel.  Varying the crossflow velocity within the 
practical limits of the unit of the runs, which displayed permeate flux decline with time, 
failed to affect the permeate flux. These observations were same even for the runs that 
were carried for Bentonite clay containing feed water. These results show that increasing 
the crossflow velocity does not affect the fouling layer and could not make the permeate 
flux improve. 
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Figure 4.9  Permeate Flux vs Time, Applied Pressure = 1,380 kPa, Kaolin Concentration  
= 150 mg/l 
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4.4.4.4 Occurrence of Critical Flux 
 
The critical flux is defined as the lowest flux that creates a fouling layer on the 
membrane surface. When the membrane was operated at a pressure of 1,380 kPa and 4.04 
and 26.26 cm/s crossflow velocities for a 150 mg/l of kaolin concentration, no flux 
decline was observed (Figure 4.9) an indication of non-occurrence of fouling. The flux 
decline is due to cake layer formation. The permeate velocity transports particles onto the 
membrane, whereas, the crossflow velocity generates shear forces that could remove 
particles from the cake layer.   Therefore, in order to verify the role of the crossflow 
velocity control of flux decline, an experiment was carried out at a reduced crossflow 
velocity of 1.6 cm/s. This experiment did not show any increased effect of fouling.  The 
lack of any flux decline, observed at these testing conditions implies that these conditions 
were at or below the “critical flux” conditions for the LFC1 membrane. 
 
4.4.4.5 Mass Deposited vs Flux Decline Relationship 
 
To investigate the effect of permeate flux decline from the mass of clay deposited 
on the membrane, clay deposit was carefully removed from the membrane surface with 
the help of a spatula, dried at 105oC temperature for 24 hrs and weighed. Figure 4.10 
shows the relationship between the mass deposited vs flux decline relationship for several 
experimental runs with bentonite clays. Regression analysis shows reasonably good fit 
(R2= 0.8692) between the two parameters. The result confirms that the flux decline is 
attributed to the build up of a particle layer on the membrane surface. 
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4.4.5 Statistical Model 
 
From the data obtained from bentonite fouling runs carried out for three factor 
three level experimental design, an empirical model was derived.  The general linear 
model function of the Statistical Package for the Social Sciences (SPSS) software (SPSS 
Inc., Chicago, Illinois) was used to determine this model (Output given in Appendix D) 
which predict flux decline at an end of 8-hour runs for the unit for a given transmembrane 
pressure, particle concentration and crossflow velocity. The expression for the flux 
decline (FD) is of the form;  
 
FD = -32.328 + 2.143LnP + 0.456LnC + 0.006LnV 
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Figure 4.10 Flux Decline vs Mass of Cake Deposited for 
Bentonite and for a LFC 1 Membrane 
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The applicable units for flux decline (FD), pressure (P), concentration (C) and 
crossflow velocity (U) are m3/m2/s*105, Pa, mg/l and cm/s, respectively.  
 The relationship between the experimental values and the model values provides a 
good fit with a R2= 0.9877 and is given in figure 4.11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5 Membrane Scaling Runs  
 
In this phase of the research, fouling of membranes by precipitation was studied. 
Calcium, sulfate and carbonate ions are present in abundance in most natural water 
sources that serve as feedwaters to many water treatment units, including reverse 
osmosis. Calcium carbonate and calcium sulfate are the most scales found in water 
treatment units. Therefore, these scaling experiments were conducted using calcium 
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Figure 4.11 Model Predicted Flux Decline vs Experimental Flux 
Decline Values for Bentonite and for a LFC 1 Membranes 
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carbonate. Due to calcium carbonate’s poor solubility in water (Ksp= 3.31 x 10-9 M2),  
combined CaCl2 and Na2CO3 solutions were used to generate a CaCO3 scale. Further, 
CaCl2 and Na2CO3 salts could be easily obtained from suppliers in high purity form 
(reagents grade) and also CaCl2 and Na2CO3 are individually soluble in water.  
In these experiments, equimolar concentration (0.0005 M, 0.0015M) of CaCl2 and 
Na2CO3 salt solutions were  to formulate different saturation levels. Supersaturated 
solutions were used to reflect the concentration, which is found on the retentate side of 
the reverse osmosis unit.  Transmembrane pressure and crossflow velocities were varied 
from 1,380 kPa – 3,450 kPa  and 4.04 cm/s – 26.26 cm/s, respectively. Additionally, 
MgCl2 salt was also used to prepare an osmotic feed solution that would provide the same 
osmotic pressure as in the CaCO3 solution. 
 
4.5.1 Preparation of Scaling Solution 
 
The CO3-2 ion concentration in a solution depends on the solution pH values. 
Before starting an experimental run, super-saturation solutions were made with CaCl2 and 
Na2CO3 by dissolving a weighed salt quantity in distilled water.  Detailed calculations are 
given in Appendix A table A.1. 
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4.5.2 Studies with 0.0005 M CaCl2 and Na2CO3 
 
In order to induce CaCO3 scaling, experimental runs with equimolar solutions of 
CaCl2 and Na2CO3 were carried out. Figure 4.12 gives the typical permeate flux vs time 
relationship.  
 
 
 
 The results show that by the fifth hour, there was a permeate flux decrease of 
around 43 %. Beyond 5 hrs, this trend tends to level off. The permeate flux decline is the 
result of additional resistance to flow. The resistance to permeate flow is the result of 
membrane resistance, scale layer resistance and the change in osmotic pressure caused by 
the concentration polarization effect. 
 Figure 4.12 raises some interesting questions. First, was the flux decline function 
of the 0.0005 M equimolar solutions forming calcium carbonate that resulted in 
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Figure 4.12 Permeate Flux vs Time for CaCO3. Transmembrane 
Pressure = 3,450 kPa, Crossflow Velocity = 4.04 m/s, pH = 9.0  
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concentration polarization effect or CaCO3 precipitation on the membrane surface or 
both. The second issue was whether changes in operating parameters such as feed flow 
rate, transmembrane pressure or feed solution pH could have caused the flux decline. 
To confirm whether the salt precipitate contributed to the flux decline, additional 
studies were carried out using equimolar solution of MgCl2 plus Na2CO3.  
 
4.5.3 Studies with MgCl2 and Na2CO3 
 
A sample of membrane that was used in the section 4.5.2 experiment was 
subjected to a feed solution containing a mixture of 0.0005 M MgCl2 and 0.0005 M 
Na2CO3 salt solutions. The 0.0005 M MgCl2 and 0.0005 M Na2CO3 solution provided the 
same osmotic pressure value as the mixture containing 0.0005 M CaCl2 and 0.0005 M 
Na2CO3.  However, solubility of MgCO3 (Ksp  # = 2.88 x 10-5 M2), was much higher than 
the CaCO3 (Ksp  # = 3.31 x 10-9 M2 ) values. A plot of Permeate flux vs time curve is 
presented in Figure 4.13. Had the flux decline been purely due to concentration 
polarization, the curve for 0.0005 M CaCl2 plus Na2CO3 should have closely resembled 
that of 0.0005 M MgCl2 and 0.0005 M curve, which was not the case,  indicating that 
scaling had some effect. Comparison of the slopes between the “osmotic solution” and 
the scaling solution revealed that flux from the scaling solution decreased more rapidly 
than in the osmotic solution. This could also be due to CaCO3 deposition. Also, in the 
combined CaCl2 plus Na2CO3 feed run, within few minutes of mixing the CaCl2 and 
Na2CO3 salt solutions, precipitation occurred.  
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Figure 4.13 Permeate Flux vs Time for CaCl2 Plus Na2CO3 and MgCl2 
Plus Na2CO3. Transmembrane Pressure = 3,450 kPa, Crossflow Velocity = 
4.04 cm/s and pH= 9.0 
 
 
4.5.4 CaCO3 Scaled Membranes with Acetic Acid 
 
The permeate flux vs time relationship for the CaCl2 plus Na2CO3 feed solution, 
when compared with MgCl2 plus Na2CO3 which gives the same osmotic pressure, showed 
that the scale layer would have contributed to this flux decline. In order to further verify 
this, after a 6.0 hr run  with 0.0005 M CaCl2 and 0.0005 M Na2CO3,  the permeate  flux 
of the membrane  was tested with a feed solution consisting of 0.01 M acetic acid 
(CH3COOH) followed  by D.I. water run.  The result shown in figure 4.14 clearly show 
that as the pH of the solution is lowered to around 4.0, the permeate flux begins to 
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improve rapidly. Finally, using D.I. water as feed solution, the permeate flux stabilized 
around 3.58 m3/m2/s*105 which is about 96 % of the original permeate flux at the 
beginning of the scaling experiments. The use of a stronger acid such as HCl did not 
show further improvement on permeate flux. 
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Figure 4.14 Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 3,450 kPa, 
Crossflow Velocity = 4.04 m/s, CaCO3 Concentration = 0.0005 M 
 
 
4.5.5 Effect of Salt Concentration 
 
Experiments were conducted to determine the effects of solution concentrations 
on the rate of scale formation at a fixed crossflow velocity of 4.04 cm/s and trans-
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membrane pressure of 3,450 kPa. Figure 4.15 clearly shows that higher the concentration 
the more rapid the flux declines, but it appears to follow an exponential rate.  The reason 
for this could be explained as follows; when salt solution is subjected to RO membrane 
filtration, with time, due to permeate separation, the concentration of salts near the 
membrane surface increases. When the salt concentration exceeds supersaturation level, 
salt precipitation takes place on the membrane surface creating resistance to permeate 
flow. However, the decrease of permeate flux with time also reduces the transport of salt 
towards the membrane and, hence causes a decrease in the rate of crystallization.  
 To get an idea of the effect of supersaturation (for calculations see Appendix A 
table A.3), batch experiments in a beaker were carried out with 0.0005 and 0.0015 M 
solution of CaCO3. In the case of 0.0015 M experiments, as soon as the salt solutions of 
CaCl2 and Na2CO3 were mixed, the contents immediately turned into a cloudy solution. 
However, with 0.0005 M solution, the content took about 15 minutes to turn into a cloudy 
solution. These observations are an indication of the formation of a white color CaCO3 
precipitate.  
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Figure 4.15 Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 m/s, pH = 9.0. CaCO3 Concentration 0.0005 M 
and 0.0015 M 
 
  In order to find answers to the second question raised in section 4.5.2, several 
experiments, which are described below, were carried out by changing the crossflow 
velocity and transmembrane pressure.   
 
4.5.6 Effects of Crossflow Velocity  
 
Increasing the crossflow velocity from 4.04 cm/s to 25.8 cm/s at a constant 
applied pressure of 3,450 kPa increased the permeate flux. The results are given in figure 
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4.16. The Reynolds number ranged  between 83 and 530, which is within the laminar 
flow range for a rectangular channel. The larger the axial velocity, larger the shear rate, 
thus, causing  a decrease in the boundary layer thickness, which resulted in a  decrease in 
the salt concentration at the membrane surface. This also makes the conditions at the 
membrane surface unfavorable for salt precipitation to take place on the membrane. 
  
 
4.5.7 Effect of Transmembrane Pressure  
 
The change in permeate flux was examined holding the axial velocity constant 
and varying the applied pressure. These results are shown in figure 4.17. The rejection of 
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Figure 4.16 Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 
3,450 kPa, Crossflow Velocity = 4.04 cm/s and 25.8 cm/s, CaCO3 
Concentration = 0.0005 M, pH = 9.0 
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salts at higher initial flux would lead to concentration polarization and scaling, resulting 
in a higher flux decline.  
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Figure 4.17 Permeate Flux vs Time for CaCO3. Transmembrane Pressure = 1,380 
- 3,450 kPa, Crossflow Velocity = 4.04 cm/s, CaCO3 Con. = 0.0005 M, pH = 9.0 
 
4.5.8 CaCO3 Scaling Runs at Different pH Values 
 
For CaCO3 scaling to occur, the solubility product {Ca+2}{CO3-2}has to exceed 
the Ksp value for CaCO3. Carbonate species concentration in the feed solution is pH 
dependent (see figure 4.18 for pH vs pC). In order to verify the above, experiments were 
carried out by adding acetic acid to lower the pH values to 4.0 and 5.5 respectively. The 
results are given in figure 4.18. At higher pH (9.0), in the presence of CO32-, flux decline 
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due to CaCO3 is observable, whereas, at lower pH (4.0 and 5.5), flux decline due to 
CaCO3 scaling is not present.   
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Figure 4.18 pH vs pC for a Carbonate System (After, Sawyer et al., 1994) 
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Figure 4.19 Permeate Flux vs Time for CaCO3. Transmembrane Pressure 
= 3,450 kPa, Crossflow Velocity = 4.04 cm/s, Nominal CaCO3 
Concentration = 0.0005 M, pH = 4.0, 5.5 and 9.0 
 
 
4.5.9 Effect on Permeate Quality 
 
Another consequence of fouling is changes in permeate quality, which is 
measured by salt rejection or salt passage through the membrane. In Figure 4.20, 
rejection as a function of time is shown for various experimental conditions. It may be 
observed that as the transmembrane pressure increases, the salt rejection decreases. This 
change may be due to an increase in concentration polarization and salt leakage through 
the membrane.  
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Figure 4.20 Rejection vs Time for CaCO3. Transmembrane Pressure = 
1,380 - 3,450 kPa, Crossflow Velocity = 4.04 cm/s, CaCO3 
Concentration = 0.0005 M and 0.0015 M, pH = 9.0 
 
 
4.6 Kaolin and CaCO3 Experiments  
 
 Having investigated the individual effects of kaolin fouling and CaCO3 scaling on 
a LFC 1 membrane, separately, focus shifted to the interaction effects of clay fouling and 
CaCO3 scaling. These two mechanisms may take place concurrently on the membrane 
surface. 
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4.6.1 Permeate Flux vs Time 
 
Experiments were carried out using kaolin concentrations of 50, 150 and 250 mg/l 
and CaCO3 concentrations of 0.0005 M and 0.0015 M at a pH of 9.0. Transmembrane 
pressure was varied from 1,380 – 3,450 kPa while holding the crossflow velocity 
constant at 4.04 cm/s. 
 Figure 4.21 shows the results of these experiments. For comparison purposes, the 
results obtained for 150 mg/l kaolin in distilled water and CaCO3 scaling in D.I. water 
results were also included in this figure. 
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Figure 4.21 Permeate Flux vs Time for Combined CaCO3 and Kaolin. Transmembrane 
Pressure = 3,450 kPa, Crossflow Velocity = 4.04 cm/s, Kaolin Concentration = 50 mg/l, 
CaCO3 Concentration = 0.0005 M and 0.0015 M, pH = 9.0 
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 The combined kaolin and CaCO3 run results show a higher flux decline for the 
experimental runs. This flux decline is seen to be more pronounced at a higher CaCO3 
concentration. The figure 4.22 shows the effect of kaolin particle concentration on the 
flux decline at a 0.0005 M CaCO3 concentration. As expected, the increase in kaolin 
concentration tends to shift the curve down. These results were obtained for a crossflow 
velocity of 4.04 cm/s. The decrease in permeate flux when the kaolin concentration 
increased, could be due to the dual effect of formation of an increasingly thick fouling 
layer comprising of kaolin particles and a concentration polarization layer. Further, an 
increase in the kaolin layer would have triggered a spin off effect by increasing the 
concentration polarization layer thickness.  
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Figure 4.22 Permeate Flux vs Time for Combined CaCO3 and Kaolin. 
Transmembrane Pressure = 3,450 kPa, Crossflow Velocity = 4.04 cm/s, 
Kaolin Concentration = 50 – 250 mg/l, CaCO3 Concentration = 0.0005 M, 
pH = 9.0 
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4.6.2 Permeate Quality with Time 
 
Figure 4.23 shows the relationship between the rejection with time. With time, the 
combined kaolin plus salt run displays a lower rejection (measured in terms of 
conductivity) than the CaCO3 runs. The decrease in permeate quality could be attributed 
to the increase in salt concentration on the membrane surface, which may be attributed to 
a decrease in the salt back diffusion rate. The reduction in this rate could be a result of 
compaction of kaolin clay and reduction of cake porosity. 
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Figure 4.23 Observed rejection vs Time for CaCO3 and Combined CaCO3 and Kaolin. 
Transmembrane Pressure = 3,450 kPa, Crossflow Velocity = 4.04 cm/s, Kaolin 
Concentration = 150 mg/l, CaCO3 Concentration = 0.0005 M, pH = 9.0 
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4.6.3 Reversibility of the Fouling Layer 
 
According to the Resistance in Series Model, the permeate flux reduction is the 
result of the increased resistance from the deposited fouling layer. In the combined 
fouling studies, the fouling layer consists of a kaolin particle layer, plus, a CaCO3 scaling 
layer on the membrane surface. However, the individual contribution of kaolin layer and 
CaCO3 scale deposit towards the resistance cannot be found directly. By lowering the pH 
of the feed water to a value of around 4.0, the CaCO3 scale on the LFC 1 membrane can 
be dissolved without causing any permanent damage to the membrane surface. Hence, all 
fouled membranes were subjected to additional runs with D.I. (with pH = 4.00) water, 
immediately, at the end of each fouled study, to investigate the permeate volumetric flux 
recovery. Finally, as the last phase of the run, D.I. water runs were carried out on the 
same membrane to determine the pure water permeability coefficient.  
Figure 4.24 shows the Kw values for a kaolin concentration of 150 mg/l and 
CaCO3 concentration of 0.0005 M for different transmembrane pressure. The results 
show that for the same CaCO3  and kaolin concentration, increasing the transmembrane 
pressure could lead to a pure water permeate loss of 1-35 %. This loss could be due to the 
change in the fouling layer’s characteristics (possibly a loss in porosity) under the 
increasing transmembrane pressure. Visual inspection of the membranes, except for the 
membrane that was subjected to a pressure of 1,380 kPa, displayed a cake layer on the 
membrane surface. 
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Figure 4.24 Final Kw (as % of initial Kw) For Kaolin = 150 
mg/l, CaCO3 = 0.0005 M and Crossflow Velocity = 4.04 
cm/s 
 
 
 
 90 
Chapter 5 
 
Modeling 
 
 
Figure 5.1 Particle Deposition Mechanism on a Membrane 
 
Resistance in Series Model for reverse osmosis may expressed as 
)1.5()( −−−−
+
∆Π−∆
=
fm RR
P
tV  
 
In the above equations, V(t) = Permeate volumetric flux (m3/m2/s), ∆P = 
Transmembrane pressure (Pa), ∆pi = Osmotic pressure (Pa), Rm = Membrane resistance 
(Pa.S/m), Rf = Fouling layer resistance (Pa.S/m) 
It is reasonable to neglect the osmotic pressure (∆pi) term from the above equation for 
dilute salt solutions and write;  
)2.5()(
1
−−−−−
∆
+
∆
≅
P
R
P
R
tV
fm
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 The net rate of foulant particles deposited on the membrane surface can be 
described as the net effect of integration of particles brought to the membrane surface less 
foulant back diffused. For the combined clay-CaCO3 experimental runs, tested crossflow 
velocity range did not have any effects on the permeate volumetric flux.  Hence, the 
shearing effects of feed flow on the foulant layer removal was not included in developing 
the above relationship. Further, in the presence of CaCO3, the clay particle surface charge 
seems to be decreasing and finally reaching a value of zero. Therefore particle surface 
charge term was also neglected in this model. Considering all the above factors, the 
deposition of foulants on the membrane surface can be written as (Chen et al. 2004). 
)3.5()()( −−−−−−−=
dy
dCfDCtV
dt
tdm
 
Where m(t) = Foulant mass flux (mg/m2), V(t) = Permeate volumetric flux 
(m3/m2/s), C
 
=Foulant  concentration in the feed (mg/l), Cf = Foulant concentration in 
cake layer (mg/l), D = foulant diffusion coefficient (m2/s) 
In the transient stage, steady state has not been reached and, therefore, equation 
(5.3) may be approximated as follows. 
  
)4.5()()( −−−−−−−−≈ CtV
dt
tdm
 
The total mass of foulants deposited over a period of time is: 
)5.5()()()(
00
−−−−−−== ∫∫ CdttVdtdt
tdm
tM
tt
 
Based on the filtration theory, the fouling layer resistance (Rf) is linearly 
proportional to the foulant mass deposited and could be expressed as: 
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)6.5()( −−−−−−−−= tMR f α  
where α is the cake layer specific resistance  
From (5.5) and (5.6).  
)7.5()(
0
−−−−−−= ∫ CdttVR
t
f α  
)8.5()(
0
−−−−−−= ∫ dttVCR
t
f α  
By substituting the Rf value in eq. (5.2) 
)9.5(
)(
)(
1 0
−−−−−
∆
+
∆
=
∫
P
dttVC
P
R
tV
t
m
α
 
 
According to equation (5.9), the plot of )(
1
tV
vs ∫
t
dttV
0
)(  should provide a straight 
line from which the slope term (αC) can be found. Figure 5.2 shows the results of 
)(
1
tV
vs ∫
t
dttV
0
)(  for the kaolin concentration of 50 mg/l and CaCO3 of  0.0015 M. The 
values give a good linear regression fit between )(
1
tV
and ∫
t
dttV
0
)( with a R2=0.9952, 
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Figure 5.2 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 
3,450 kPa, 4.04 cm/s, 0.0015M CaCO3 and 50 mg/l of 
Kaolin 
 
The same procedure was repeated for the other data sets as well (The results are given in 
Appendix G). The summary of these analysis is given in table 5.1. 
It is evident from the table that for all the cases, with the exception of one, that a  
good linear fit exists between )(
1
tV
and ∫
t
dttV
0
)( , with R2 varying between 0.9062 and 
0.9952. This indicates that this model was very predictable for the used feed solutions.  
Although this model did not consider the crossflow velocity term and the particle surface 
charge in its derivation, it can be applied to any particulate and precipitation fouling cases 
with considerable accuracy.   
Alpha (α), which is the specific resistance of the deposit layer, was plotted (Fig. 
5.3) against the Transmembrane pressure (∆P).  Results show that the value of alpha  
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increases exponentially as the transmemembrane pressure increases. This trend may be 
the result of the higher applied pressure compressing the cake layer, which overcame the 
particle-particle interaction forces.  This leads to a less permeable cake layer with a 
higher resistance. Further, alpha (α) showed a strong dependence on the Zeta potential of 
the particles with resistance decreasing as zeta potential increased. 
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Figure 5.3 Specific Resistance of the Cake Layer (α) vs 
Transmembrane Pressure (∆P) for 0.0005 M CaCO3 and 150 
mg/l of Kaolin 
 
Finally, experimentally obtained values were compared with the model results and the 
final results are given in Fig. 5.4 
 
 96 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
0 1 2 3 4 5 6
Time (Hrs)
Pe
rm
e
a
te
 
flu
x 
(m
3 /m
2 /s
*
10
5 ) Experimental
Model
Figure 5.4 Experimental and Model Results, Transmembrane 
Pressure = 3,450 kPa, CaCO3 Concentration = 0.0015 M, Kaolin 
Concentration = 250 mg/l 
 
 
 97 
Chapter 6 
 
Conclusion 
 
For clay fouling experiments, the effect of operating parameters on permeate flux 
due to clay fouling on a LFC 1 membrane, installed in a laboratory test cell was 
discussed. No steady state was reached during the 6.0 hr experiments. The permeate 
volumetric flux vs time curve for kaolin runs showed a linear relationship, which 
indicated that the foulant cake growth was linear in time. The rapid flux decline observed 
for the bentonite clay, even at a lower suspension concentration than kaolin, could be due 
to its swelling properties. Mass of the clay deposited on the membrane showed a linear 
relationship with permeate flux decline.  
For the kaolin clay runs, when the membrane was operated at a pressure of 200 
psi and 4.04 and 29.9 cm/s cross flow velocities for a 150 mg/l of kaolin concentration, 
no flux decline was observed.  The lack of any flux decline observed at these testing 
conditions implies that these operating conditions were at or below the “critical flux” 
conditions for the LFC1 membrane. Critical flux is defined as the flux level at which no 
noticeable fouling occurs and is very often discussed in MF and UF related research but 
not in R.O. research. These results also show that extensive pretreatment for the removal 
of suspended particles may not be required if the clay content of the feed water is less 
 98 
than 150 mg/l. However, further verification of this is needed by conducting experiments 
at pilot and full scale levels for a longer durations. 
In the combined kaolin and CaCO3 runs, with time, there was an increase in the 
permeate flux decline with an increase in both salt and kaolin concentrations. This is a 
direct result of fouling layer and concentration polarization taking place on the membrane 
surface. Simultaneously, permeate quality in these runs, relative to the pure CaCO3 runs, 
also decreased with increasing salt and kaolin concentrations. The decrease in permeate 
quality in the presence of kaolin in feed solution is attributed to formation of a foulant 
layer and its subsequent hindrance to back diffusion rate.  
The simple model used in this study by combining the resistance in series model 
together with mass transport model that ignored the shearing action of the feed flow on 
fouling layer removal seems to well represent the transient stage permeate flux for the 
combined kaolin and CaCO3 system. Although not tested, the model could be calibrated 
for any data set of a feed solution that contains scale forming salts and other types of 
clays such as bentonite or any other foulant matter. Further, to use this method, no prior 
knowledge of particle size, particle surface charge or feed water chemical characteristics 
is required. Finally, this method could be used as a tool in a R.O. membrane water 
treatment plant fouling predictor with very little refinement, thus, saving money and time. 
Due to its complexity, microbiological fouling was not taken into consideration in 
this study. However, in future work, model will have to be calibrated in-order to take into 
account the biological fouling as well. 
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Appendix A: Kaolin and Membrane Characterizing Data 
 
Table A.1 Zeta Potential Values of Kaolin  
Feed pH D.I water   CaCl2 and Na2CO3
0.0005 M 0.0015 M
3 0.00 0
4 -6.90 0
5  -  -
6 -13.00 -6.2
7 -11.30  - 
8  - -9.1
9 -16.00  -
10 -15.40 -10.13
 
 
Table A.2 Pure Water Permeability Data for LFC 1 Membrane 
Pressure (Pa) 
(x 10-6) Run 1 Run 2 Run 3 Run 4
1.38 1.60 1.48 1.51 1.45
2.07 2.27 2.20 2.30 2.25
2.76 3.03 3.05 3.01 3.02
3.45 3.75 3.81 3.79 3.83
Pure water flux (gm/cm2.s*105)
 
 
 
Table A.3 Calculation of Supersaturation Factor for CaCO3 
CaCl2 and Na2CO3 Conc. (M) 0.00001 0.0001 0.0005 0.00075 0.001 0.0015 0.01
pH 9.0 9.0 9.0 9.0 9.0 9.0 9.0
Ka1 (Sawyer et al., 1994) 4.30E-07 4.30E-07 4.30E-07 4.30E-07 4.30E-07 4.30E-07 4.30E-07
Ka2 (Sawyer et al., 1994) 4.7E-11 4.7E-11 4.7E-11 4.7E-11 4.7E-11 4.7E-11 4.7E-11
[CO32-] (M) See Note (a) 9.51E-06 9.51E-05 4.75E-04 7.13E-04 9.51E-04 1.43E-03 9.51E-03
[Ca2+]  (M) 0.00001 0.0001 0.0005 0.00075 0.001 0.0015 0.01
I  (M) See Note (b) 3.90E-05 3.90E-04 1.95E-03 2.93E-03 3.90E-03 5.85E-03 3.90E-02
log10γCO32-  See Note ( c) -1.25E-02 -3.95E-02 -8.83E-02 -1.08E-01 -1.25E-01 -1.53E-01 -3.95E-01
log10γCa2+ -3.12E-03 -9.88E-03 -2.21E-02 -2.70E-02 -3.12E-02 -3.82E-02 -9.88E-02
γCO32- 9.72E-01 9.13E-01 8.16E-01 7.79E-01 7.50E-01 7.03E-01 4.03E-01
γCa2+ 9.93E-01 9.78E-01 9.50E-01 9.40E-01 9.31E-01 9.16E-01 7.97E-01
[Ca2-][CO32-](M2) ------(2) 9.17E-11 8.49E-09 1.84E-07 3.92E-07 6.64E-07 1.38E-06 3.05E-05
Supersaturation factor (2)/(1) 0.028 2.564 55.688 118.338 200.485 416.073 9213.646
Ksp of CaCO3 (M2) 3.31E-09 (Sawyer et al., 1994)
Notes: 
(a)
(Sawyer et al., 1994)  
 
(b)  
(Sawyer et al., 1994)
( c)
(Sawyer et al., 1994)
[ ] [ ]
21
2
2
322
3
.
10101
aa
pH
a
pH
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CONaCO
−−
−
++
=
∑
=
=
n
i
ii CZI
1
2
2
1
5.02
10 5.0log Iz ii −=γ
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Table A.4 Pure Water Volumetric Flux (m3/m2/s) at Different CaCl2 Concentration and 
Crossflow Velocities for LFC 1 Membrane  
4.04 cm/s 26.26 cm/s 4.04 cm/s 26.26 cm/s
1.38E+06 1.35E-05 1.442E-05 1.45E-05 1.442E-05
2.07E+06 2.02E-05 2.121E-05 2.03E-05 2.007E-05
2.76E+06 2.6E-05 2.824E-05 2.45E-05 2.716E-05
3.45E+06 2.92E-05 3.311E-05 2.67E-05 3.1E-05
CaCl2 Concentration
0.001 M0.0005 M
Transmembrane 
Pressure (Pa)
 
 
 
Table A.5 t-Test Results for Kaolin (Transmembrane Pressure = 1,380 kPa, Kaolin 
Concentration = 150 mg/l, Crossflow Velocity = 1.62 and 4.04 cm/s) 
Variable 1 Variable 2
Mean 1.525675 1.464959 Mean Mean
Variance 0.001021 0.00024 Variance Variance
Observations 17 18 Observations Observations
Hypothesized Mean 
Difference 0
Hypothesized Mean 
Difference
Hypothesized Mean 
Difference
df 23 df df
t Stat 7.088427 t Stat t Stat
P(T<=t) one-tail 1.6E-07 P(T<=t) one-tail P(T<=t) one-tail
t Critical one-tail 1.713872 t Critical one-tail t Critical one-tail
P(T<=t) two-tail 3.2E-07 P(T<=t) two-tail P(T<=t) two-tail
t Critical two-tail 2.068658 t Critical two-tail t Critical two-tail
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Appendix B: Kaolin Particles Size Distribution 
 
 
Figure B.1 Particle Size Distribution. Kaolin in Distilled Water, Kaolin Concentration = 
150 mg/l, pH = 6.7 
 
Figure B.2 Particle Size Distribution. Kaolin in Distilled Water, Kaolin Concentration = 
150 mg/l, pH = 9.0 
 
 109 
Appendix B: (Continued) 
 
 
Figure B.3 Particle Size Distribution. Kaolin in 0.0005 M CaCO3, Kaolin Concentration 
=  150 mg/l, pH = 9.0 
 
 
Figure B.4 Particle Size Distribution. Kaolin in 0.0015 M CaCO3, Kaolin Concentration 
=  150 mg/l, pH = 9.0 
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Appendix C: Permeation Data for Kaolin Runs 
 
Table C.1 Permeation Data for Kaolin Runs. Transmembrane Pressure = 1,380 kPa, 
Kaolin Concentration =  50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.7, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 1.55 1.00
0.50 1.53 0.99
1.00 1.55 1.00
1.50 1.53 0.99
2.00 1.55 1.00
2.50 1.57 1.01
3.00 1.57 1.01
3.50 1.55 1.00
4.00 1.53 0.99
4.50 1.55 1.00
5.00 1.55 1.00
5.50 1.53 0.99
6.00 1.55 1.00
 
 
 
Table C.2 Permeation Data for Kaolin Runs. Transmembrane Pressure = 1,380 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 1.62 cm/s,  pH = 6.7, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 1.51 1.00
0.07 1.47 0.98
0.23 1.47 0.98
0.52 1.53 1.01
0.77 1.53 1.01
1.00 1.56 1.04
1.28 1.55 1.02
1.53 1.56 1.04
2.00 1.56 1.04
2.50 1.56 1.04
3.00 1.51 1.00
3.50 1.53 1.01
4.00 1.47 0.98
4.50 1.53 1.01
5.00 1.49 0.99
5.50 1.55 1.02
6.00 1.55 1.02
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Table C.3 Permeation Data for Kaolin runs. Transmembrane Pressure = 1,380 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.7, 
Temperature = 24 oC 
Time (Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 1.48 1.00
0.05 1.48 1.00
0.22 1.48 1.00
0.35 1.46 0.99
0.58 1.46 0.99
0.78 1.44 0.98
1.00 1.44 0.98
1.25 1.44 0.98
1.58 1.46 0.99
2.03 1.46 0.99
2.50 1.48 1.00
3.00 1.48 1.00
3.50 1.44 0.98
4.00 1.44 0.98
4.50 1.48 1.00
5.00 1.48 1.00
5.50 1.48 1.00
6.00 1.46 0.99
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 112 
Appendix C: (Continued) 
 
Table C.4 Permeation Data for Kaolin Runs. Transmembrane Pressure = 1,380 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow velocity = 4.04 cm/s,  pH = 9.0, 
Temperature = 24 oC 
Time (Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.0 1.51 1.00
0.1 1.53 1.01
0.2 1.51 1.00
0.4 1.49 0.99
0.6 1.49 0.99
0.8 1.47 0.98
1.0 1.45 0.96
1.3 1.45 0.96
1.6 1.49 0.99
2.0 1.47 0.98
2.5 1.51 1.00
3.0 1.51 1.00
3.5 1.47 0.98
4.0 1.55 1.02
4.5 1.49 0.99
5.0 1.49 0.99
5.5 1.51 1.00
6.0 1.47 0.98
 
 
Table C.5 Permeation Data for Kaolin Runs. Transmembrane Pressure = 2,070 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.8, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105) Rel. Flux (V(t)/V(0)
0.00 2.25 1.00
0.10 2.25 1.00
0.25 2.30 1.02
0.53 2.27 1.01
1.00 2.27 1.01
1.50 2.22 0.99
2.00 2.22 0.99
2.50 2.19 0.97
3.00 2.19 0.97
3.50 2.15 0.96
4.00 2.14 0.95
4.50 2.14 0.95
5.00 2.07 0.92
5.50 2.04 0.91
6.00 1.99 0.89
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Table C.6 Permeation Data for Kaolin Runs. Transmembrane Pressure = 2,070 kPa, 
Kaolin Concentration = 150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.0, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 2.27 1.00
0.10 2.22 0.98
0.25 2.27 1.00
0.53 2.24 0.99
1.00 2.24 0.99
1.50 2.22 0.98
2.00 2.22 0.98
2.50 2.22 0.98
3.00 2.21 0.97
3.50 2.25 0.99
4.00 2.25 0.99
4.50 2.24 0.99
5.00 2.19 0.97
5.50 2.16 0.95
6.00 2.18 0.96
 
 
 
Table C.7 Permeation Data for Kaolin Runs. Transmembrane Pressure = 2,760 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.7, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.01 1.00
0.08 2.98 0.99
0.27 3.04 1.01
0.45 2.91 0.97
1.00 2.94 0.98
1.50 2.89 0.96
2.00 2.78 0.92
2.50 2.85 0.95
3.00 2.70 0.90
3.50 2.64 0.88
4.00 2.59 0.86
4.50 2.56 0.85
5.00 2.51 0.83
5.50 2.45 0.82
6.00 2.45 0.82
 
 
 
 
 114 
Appendix C: (Continued) 
 
Table C.8 Permeation Data for Kaolin Runs. Transmembrane Pressure = 2,760 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.0, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.05 1.00
0.08 3.01 0.99
0.27 3.09 1.01
0.45 2.94 0.97
1.00 2.98 0.98
1.50 2.93 0.96
2.00 2.94 0.97
2.50 2.89 0.95
3.00 2.86 0.94
3.50 2.82 0.92
4.00 2.79 0.91
4.50 2.73 0.90
5.00 2.49 0.82
5.50 2.75 0.90
6.00 2.64 0.87
 
 
Table C.9 Permeation Data for Kaolin Runs. Transmembrane Pressure = 3,450 kPa, 
Kaolin Concentration =  50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.8, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.81 1.00
0.05 3.82 1.00
0.18 3.79 0.99
0.38 3.70 0.97
0.50 3.74 0.98
0.77 3.75 0.98
1.00 3.66 0.96
1.25 3.67 0.96
1.50 3.66 0.96
1.75 3.54 0.93
2.00 3.50 0.92
2.30 3.44 0.90
2.50 3.42 0.90
3.00 3.35 0.88
3.50 3.27 0.86
4.00 3.26 0.86
4.50 3.18 0.83
5.00 3.12 0.82
5.50 3.04 0.80
6.00 3.04 0.80
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Table C.10 Permeation Data for Kaolin Runs. Transmembrane Pressure = 3,450 kPa, 
Kaolin Concentration = 50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.0, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.75 1.00
0.05 3.76 1.00
0.18 3.73 0.99
0.38 3.64 0.97
0.50 3.68 0.98
0.77 3.69 0.98
1.00 3.60 0.96
1.25 3.61 0.96
1.50 3.60 0.96
1.75 3.54 0.94
2.00 3.48 0.93
2.30 3.43 0.92
2.50 3.40 0.91
3.00 3.36 0.90
3.50 3.32 0.88
4.00 3.28 0.88
4.50 3.25 0.87
5.00 3.20 0.85
5.50 3.16 0.84
6.00 3.13 0.83
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Table C.11 Permeation Data for Kaolin Runs. Transmembrane Pressure = 3,450 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.7, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.80 1.00
0.08 3.78 0.99
0.27 3.89 1.02
0.53 3.72 0.98
0.92 3.63 0.96
1.00 3.52 0.93
1.50 3.47 0.91
2.00 3.37 0.89
2.50 3.21 0.84
3.00 3.14 0.83
3.50 3.07 0.81
4.00 2.92 0.77
4.50 2.80 0.74
5.00 2.86 0.75
5.50 2.72 0.72
6.00 2.65 0.70
 
 
Table C.12 Permeation Data for Kaolin Runs. Transmembrane Pressure = 3,450 kPa, 
Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.0, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.83 1.00
0.07 3.94 1.03
0.17 3.83 1.00
0.37 3.85 1.00
0.58 3.63 0.95
0.75 3.88 1.01
1.00 3.63 0.95
1.25 3.61 0.94
1.50 3.54 0.92
2.00 3.52 0.92
2.55 3.39 0.89
3.00 3.32 0.87
3.50 3.23 0.84
4.00 3.16 0.82
4.50 3.09 0.81
5.00 2.98 0.78
5.50 2.90 0.76
6.00 2.81 0.73
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Table C.13 Permeation Data for Kaolin Runs. Transmembrane Pressure = 3,450 kPa, 
Kaolin Concentration =  250 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 6.7, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.77 1.00
0.07 3.69 0.98
0.18 3.62 0.96
0.25 3.54 0.94
0.45 3.46 0.92
0.65 3.42 0.91
1.00 3.31 0.88
1.25 3.29 0.87
1.50 3.23 0.86
2.00 3.11 0.82
2.50 3.05 0.81
3.00 2.88 0.76
3.50 2.80 0.74
4.00 2.69 0.71
4.50 2.62 0.69
5.00 2.48 0.66
5.50 2.43 0.64
5.75 2.39 0.63
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Table C.14 Permeation Data for Kaolin Runs. Transmembrane Pressure = 3,450 kPa, 
Kaolin Concentration = 250 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.0, 
Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V)(m3/m2/s*105)
Rel. Flux 
(V(t)/V(0)
0.00 3.80 1.00
0.05 3.81 1.00
0.18 3.78 0.99
0.38 3.69 0.97
0.50 3.65 0.96
0.77 3.61 0.95
1.00 3.53 0.93
1.25 3.49 0.92
1.50 3.47 0.91
1.75 3.44 0.91
2.00 3.33 0.88
2.30 3.33 0.88
2.50 3.21 0.84
3.00 3.09 0.81
3.50 2.99 0.79
4.00 2.91 0.77
4.50 2.85 0.75
5.00 2.67 0.70
5.50 2.61 0.69
6.00 2.58 0.68
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Appendix D: (Continued) 
 
 
Figure D.1 Relationship Between Experimental Data and Model Results 
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Appendix E: Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs 
 
Table E.1 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 1,380 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 
M, Crossflow Velocity = 4.04 cm/s,  pH = 8.9, Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol. Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 1.45 1.00
0.05 1.45 1.00
0.18 1.45 1.00
0.42 1.44 0.99
0.77 1.37 0.94
1.07 1.34 0.93
1.32 1.31 0.90
1.50 1.29 0.89
2.00 1.34 0.93
2.50 1.27 0.88
3.00 1.26 0.87
3.50 1.33 0.92
4.00 1.33 0.92
4.50 1.32 0.91
5.00 1.29 0.89
5.50 1.33 0.92
6.00 1.33 0.92
 
 
Table E.2 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 2,070 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 
M, Crossflow Velocity = 4.04 cm/s,  pH = 9.1, Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol. Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 2.27 1.00
0.05 2.22 0.98
0.25 2.19 0.97
0.50 2.14 0.94
0.75 2.14 0.94
1.00 2.09 0.92
1.50 2.00 0.88
2.00 2.00 0.88
2.50 2.02 0.89
3.00 2.00 0.88
3.50 1.97 0.87
4.00 1.96 0.86
4.50 1.95 0.86
5.00 1.96 0.86
5.50 1.95 0.86
6.00 1.95 0.86
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Table E.3 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 2,760 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 
M, Crossflow Velocity = 4.04 cm/s,  pH = 9.0, Temperature = 24 oC 
Time 
(Hrs.)
Per. Vol. Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 3.05 1.00
0.05 2.97 0.97
0.28 2.95 0.97
0.52 2.83 0.93
1.00 2.68 0.88
1.50 2.56 0.84
2.00 2.52 0.83
2.50 2.44 0.80
3.00 2.44 0.80
3.50 2.35 0.77
3.45 2.27 0.74
4.00 2.25 0.74
4.50 2.25 0.74
5.00 2.23 0.73
5.50 2.21 0.72
6.00 2.19 0.72
 
 
Table E.4 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 3,450 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 
M, Crossflow Velocity = 4.04 cm/s,  pH = 9.0, Temperature = 24 oC 
Time (Hrs.)
Per. Vol. Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 3.73 1.00
0.05 3.51 0.94
0.13 3.47 0.93
0.18 3.43 0.92
0.47 3.29 0.88
0.75 3.02 0.81
1.00 3.00 0.80
1.33 2.85 0.76
1.67 2.76 0.74
2.00 2.65 0.71
2.50 2.59 0.69
3.00 2.47 0.66
3.50 2.38 0.64
4.00 2.33 0.62
4.50 2.30 0.62
5.00 2.13 0.57
5.03 2.18 0.59
5.50 2.13 0.57
6.00 2.14 0.57
 
 123 
Appendix E: (Continued) 
 
Table E.5 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 3,450 kPa, CaCl2 Concentration = 0.0015 M, Na2CO3 Concentration = 0.0015 
M, Crossflow velocity = 4.04 cm/s,  pH = 9.0, Temperature = 24 oC 
Time (Hrs.)
Per. Vol. Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 3.75 1.00
0.07 3.31 0.88
0.17 3.14 0.84
0.30 3.09 0.82
0.45 2.98 0.80
0.58 2.85 0.76
0.77 2.82 0.75
1.00 2.78 0.74
1.25 2.58 0.69
1.50 2.56 0.68
1.77 2.52 0.67
2.00 2.46 0.66
2.35 2.39 0.64
2.50 2.32 0.62
2.75 2.25 0.60
3.00 2.19 0.58
3.50 2.12 0.57
4.00 2.05 0.55
4.53 1.99 0.53
5.00 1.86 0.49
5.50 1.80 0.48
6.00 1.80 0.48
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Table E.6 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 3,450 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 
M, Crossflow Velocity = 4.04 cm/s,  pH = 5.5, Temperature= 24 oC 
Time 
(Hrs.)
Per. Vol.  Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 3.78 1.00
0.05 3.78 1.00
0.33 3.55 0.94
0.52 3.57 0.95
0.75 3.62 0.96
1.00 3.50 0.93
1.38 3.56 0.94
2.00 3.36 0.89
2.27 3.44 0.91
2.50 3.51 0.93
2.82 3.40 0.90
3.00 3.43 0.91
3.50 3.37 0.89
4.05 3.33 0.88
4.50 3.27 0.87
5.00 3.22 0.85
5.50 3.25 0.86
5.67 3.51 0.93
5.87 3.57 0.95
6.05 3.57 0.95
6.23 3.57 0.95
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Table E.7 Permeation Data for CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane 
Pressure = 3,450 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 
M, Crossflow Velocity = 4.04 cm/s,  pH = 4.0, Temperature = 24 oC 
Time (Hrs.)
Per. Vol. Flux  
(V(t))(m3/m2/s*105)
Rel. Flux 
(V(t))/V(0)
0.00 3.83 1.00
0.05 3.83 1.00
0.12 3.84 1.00
0.37 3.76 0.98
0.45 3.75 0.98
0.55 3.71 0.97
0.88 3.54 0.93
1.13 3.54 0.93
1.38 3.48 0.91
1.88 3.42 0.89
2.38 3.35 0.88
2.88 3.26 0.85
3.38 3.22 0.84
3.40 3.19 0.83
3.88 3.16 0.83
4.00 3.16 0.83
4.07 3.50 0.91
4.15 3.53 0.92
4.28 3.59 0.94
4.57 3.56 0.93
4.82 3.60 0.94
5.00 3.48 0.91
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Table F.1 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 1,380 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 
Concentration = 0.0005 M, Kaolin Concentration = 150 mg/l,  Crossflow Velocity = 4.04 
cm/s,  pH = 9.2, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 1.46 1.00
0.07 1.40 0.96
0.23 1.44 0.99
0.50 1.38 0.95
1.00 1.41 0.97
1.50 1.38 0.95
2.00 1.32 0.91
2.50 1.37 0.94
3.00 1.28 0.88
3.50 1.28 0.88
4.00 1.25 0.86
4.50 1.34 0.92
5.00 1.31 0.90
5.50 1.25 0.86
6.00 1.26 0.87
 
 
Table F.2 Purewater Permeability Data at the Start. Transmembrane Pressure = 1,380 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 12.40 1.49 10.96
0.08 12.30 1.48 10.87
0.25 12.30 1.48 10.87
0.50 12.10 1.45 10.69
0.75 12.00 1.44 10.60
1.00 12.20 1.47 10.78
1.25 12.10 1.45 10.69
1.50 12.00 1.44 10.60
2.00 12.10 1.45 10.69
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Table F.3 Purewater Permeability Data at the End. Transmembrane Pressure = 1,380 kPa, 
Crossflow Velocity = 4.04 cm/s, Temperature= 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 11.90 1.43 10.51
6.08 0.08 11.80 1.42 10.43
6.25 0.25 12.00 1.44 10.60
6.50 0.50 12.00 1.44 10.60
6.75 0.75 12.10 1.45 10.69
7.00 1.00 11.80 1.42 10.43
7.25 1.25 11.90 1.43 10.51
7.50 1.50 12.00 1.44 10.60
8.00 2.00 12.10 1.45 10.69
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Figure F.1 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 1,380 kPa, CaCl2 
Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin Concentration =  
150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.2, Temperature = 24 oC 
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Table F.4 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 2,070 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 
Concentration = 0.0005 M, Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 
4.04 cm/s,  pH = 9.1, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 2.28 1.00
0.05 2.15 0.94
0.22 2.21 0.97
0.42 2.17 0.95
0.60 2.12 0.93
0.80 2.01 0.88
1.00 2.04 0.89
1.50 2.00 0.88
2.00 1.91 0.84
2.50 1.88 0.83
3.00 1.86 0.81
3.50 1.81 0.80
4.00 1.73 0.76
4.50 1.76 0.77
5.00 1.69 0.74
5.50 1.57 0.69
6.00 1.63 0.71
 
 
Table F.5 Purewater Permeability Data at the Start. Transmembrane Pressure = 2,070 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 19.30 2.32 11.37
0.08 19.30 2.32 11.37
0.25 19.20 2.31 11.31
0.50 19.00 2.28 11.19
0.75 19.10 2.30 11.25
1.00 18.90 2.27 11.13
1.25 19.00 2.28 11.19
1.50 19.10 2.30 11.25
2.00 19.00 2.28 11.19
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Table F.6 Purewater Permeability Data at the End. Transmembrane Pressure = 2,070 kPa, 
Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 17.50 2.10 10.31
6.08 0.08 17.50 2.10 10.31
6.25 0.25 17.60 2.11 10.37
6.50 0.50 17.70 2.13 10.43
6.75 0.75 17.60 2.11 10.37
7.00 1.00 17.90 2.15 10.54
7.25 1.25 17.80 2.14 10.48
7.50 1.50 17.60 2.11 10.37
8.00 2.00 17.90 2.15 10.54
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Figure F.2 Permeation and Purewater Permeability Coefficient (Kw) vs Time for 
Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 2,070 
kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin 
Concentration =  150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.1, 
Temperature = 24 oC 
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Table F.7 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 2,760 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 
Concentration = 0.0005 M, Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 
4.04 cm/s,  pH = 9.1, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 3.01 1.00
0.07 2.73 0.91
0.25 2.92 0.97
0.53 2.87 0.95
1.00 2.70 0.90
1.50 2.58 0.86
2.00 2.49 0.83
2.50 2.33 0.77
3.00 2.31 0.77
3.50 2.24 0.75
4.00 2.12 0.71
4.50 2.11 0.70
5.00 2.04 0.68
5.50 1.95 0.65
6.00 1.93 0.64
6.00 1.93 0.64
 
 
Table F.8 Purewater Permeability Data at the Start. Transmembrane Pressure = 2,760 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 27.10 3.26 11.97
0.08 26.60 3.20 11.75
0.25 26.10 3.14 11.53
0.50 25.40 3.05 11.22
0.75 25.20 3.03 11.13
1.00 24.80 2.98 10.96
1.25 25.10 3.02 11.09
1.50 24.90 2.99 11.00
2.00 25.10 3.02 11.09
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Table F.9 Purewater Permeability Data at the End. Transmembrane Pressure = 2,760 kPa, 
Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 19.00 2.28 8.39
6.08 0.08 19.30 2.32 8.53
6.25 0.25 19.30 2.32 8.53
6.50 0.50 19.60 2.36 8.66
6.75 0.75 19.50 2.34 8.61
7.00 1.00 19.20 2.31 8.48
7.25 1.25 19.50 2.34 8.61
7.50 1.50 19.60 2.36 8.66
8.00 2.00 19.60 2.36 8.66
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Figure F.3 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 2,760 kPa, CaCl2 
Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin Concentration =  
150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.1, Temperature = 24 oC 
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Table F.10 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 
Concentration = 0.0005 M, Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 
4.04 cm/s,  pH = 9.3, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 3.80 1.00
0.03 3.30 0.87
0.20 3.19 0.84
0.38 3.07 0.81
0.58 2.96 0.78
0.95 2.79 0.74
1.25 2.63 0.69
1.83 2.46 0.65
2.12 2.39 0.63
2.50 2.29 0.60
3.00 2.24 0.59
3.50 2.15 0.56
4.00 2.02 0.53
4.50 1.96 0.51
5.00 1.90 0.50
5.50 1.84 0.49
6.00 1.81 0.48
 
 
Table F.11 Purewater Permeability Data at the Start. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Rel. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 32.20 3.87 11.38
0.08 32.10 3.86 11.34
0.25 32.00 3.85 11.31
0.50 31.70 3.81 11.20
0.75 31.80 3.82 11.24
1.00 31.70 3.81 11.20
1.25 31.90 3.83 11.27
1.50 32.00 3.85 11.31
2.00 31.90 3.83 11.27
 
 
 
 
 
 
 
 
 
 
 
 133 
Appendix F: (Continued) 
 
Table F.12 Purewater Permeability Data at the End. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Rel. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 20.40 2.45 7.21
6.08 0.08 20.70 2.49 7.32
6.25 0.25 20.60 2.48 7.28
6.50 0.50 20.60 2.48 7.28
6.75 0.75 20.80 2.50 7.35
7.00 1.00 20.90 2.51 7.39
7.25 1.25 20.90 2.51 7.39
7.50 1.50 20.80 2.50 7.35
8.00 2.00 20.70 2.49 7.32
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Figure F.4 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 3,450 kPa, CaCl2 
Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin Concentration =  
150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.3, Temperature = 24 oC 
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Table F.13 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 
Concentration = 0.0005 M, Kaolin Concentration =  50 mg/l,  Crossflow Velocity = 4.04 
cm/s,  pH = 9.2, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 3.76 1.00
0.05 2.22 0.59
0.10 3.38 0.90
0.35 3.42 0.91
0.63 3.09 0.82
1.00 2.95 0.78
1.50 2.74 0.73
2.00 2.52 0.67
2.50 2.43 0.65
3.00 2.30 0.61
3.50 2.17 0.58
4.00 2.15 0.57
4.50 2.04 0.54
5.00 1.98 0.53
5.50 1.96 0.52
6.00 1.96 0.52
 
 
Table F.14 Purewater Permeability Data at the Start. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 33.20 3.99 11.73
0.08 33.00 3.97 11.66
0.25 32.70 3.93 11.56
0.50 32.50 3.91 11.49
0.75 32.10 3.86 11.34
1.00 31.70 3.81 11.20
1.25 31.30 3.76 11.06
1.50 31.40 3.77 11.10
2.00 31.70 3.81 11.20
2.50 31.40 3.77 11.10
3.00 31.30 3.76 11.06
3.50 31.40 3.77 11.10
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Table F.15 Purewater Permeability Data at the End. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min)  Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 22.70 2.73 8.02
6.08 0.08 22.80 2.74 8.06
6.25 0.25 22.70 2.73 8.02
6.50 0.50 22.60 2.72 7.99
6.75 0.75 22.60 2.72 7.99
7.00 1.00 22.80 2.74 8.06
7.25 1.25 22.70 2.73 8.02
7.50 1.50 22.60 2.72 7.99
8.00 2.00 22.60 2.72 7.99
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Figure F.5 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 3,450 kPa, CaCl2 
Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin Concentration =  
50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.2, Temperature = 24 oC 
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Table F.16 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 0.0005 M, Na2CO3 
Concentration = 0.0005 M, Kaolin Concentration =  250 mg/l,  Crossflow Velocity = 
4.04 cm/s,  pH = 8.9, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel.  Flux
0.00 3.85 1.00
0.08 3.88 1.01
0.32 3.63 0.94
0.65 3.22 0.84
0.83 3.24 0.84
1.08 2.86 0.74
1.50 2.82 0.73
2.00 2.55 0.66
2.58 2.50 0.65
3.00 2.32 0.60
3.50 2.11 0.55
4.00 1.85 0.48
4.50 1.72 0.45
5.00 1.60 0.41
5.50 1.41 0.37
6.00 1.41 0.37
 
 
Table F.17 Purewater Permeability Data at the Start. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 35.00 4.21 12.37
0.08 34.30 4.12 12.12
0.25 34.00 4.09 12.02
0.50 34.10 4.10 12.05
0.75 33.60 4.04 11.87
1.00 33.30 4.00 11.77
1.25 33.00 3.97 11.66
1.50 32.40 3.89 11.45
2.00 32.00 3.85 11.31
2.50 32.20 3.87 11.38
3.00 32.00 3.85 11.31
3.30 31.90 3.83 11.27
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Table F.18 Purewater Permeability Data at the End. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 17.40 2.09 6.15
6.08 0.08 17.50 2.10 6.18
6.25 0.25 17.80 2.14 6.29
6.50 0.50 17.80 2.14 6.29
6.75 0.75 17.60 2.11 6.22
7.00 1.00 17.70 2.13 6.26
7.25 1.25 17.80 2.14 6.29
7.50 1.50 17.70 2.13 6.26
8.00 2.00 17.80 2.14 6.29
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Figure F.6 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 3,450 kPa, CaCl2 
Concentration = 0.0005 M, Na2CO3 Concentration = 0.0005 M, Kaolin Concentration =  
250 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 8.9, Temperature = 24 oC 
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Table F.19 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 0.0015 M, Na2CO3 
Concentration = 0.0015 M, Kaolin Concentration =  50 mg/l,  Crossflow Velocity = 4.04 
cm/s,  pH = 9.0, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 3.82 1.00
0.05 3.58 0.94
0.10 3.45 0.90
0.35 3.32 0.87
0.63 3.05 0.80
1.00 2.79 0.73
1.50 2.65 0.69
2.00 2.39 0.63
2.50 2.29 0.60
3.00 2.16 0.57
3.50 2.03 0.53
4.00 1.96 0.51
4.50 1.88 0.49
5.00 1.82 0.48
5.50 1.79 0.47
6.00 1.72 0.45
 
 
Table F.20 Purewater Permeability Data at the Start. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 35.10 4.22 12.41
0.08 35.00 4.21 12.37
0.25 34.50 4.15 12.19
0.50 34.00 4.09 12.02
0.75 33.60 4.04 11.87
1.00 33.00 3.97 11.66
1.25 33.00 3.97 11.66
1.50 32.60 3.92 11.52
2.00 31.90 3.83 11.27
2.50 31.50 3.79 11.13
3.00 31.60 3.80 11.17
3.50 31.70 3.81 11.20
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Table F.21 Purewater Permeability Data at the End. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 20.50 2.46 7.25
6.08 0.08 20.70 2.49 7.32
6.25 0.25 21.00 2.52 7.42
6.50 0.50 21.00 2.52 7.42
6.75 0.75 21.60 2.60 7.63
7.00 1.00 22.00 2.64 7.78
7.25 1.25 21.80 2.62 7.70
7.50 1.50 21.90 2.63 7.74
8.00 2.00 22.00 2.64 7.78
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Figure F.7 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 3,450 kPa, CaCl2 
Concentration = 0.0005 M, Na2CO3 Concentration = 0.0015 M, Kaolin Concentration =  
50 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.0, Temperature = 24 oC 
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Table F.22 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 0.0015 M, Na2CO3 
Concentration = 0.0015 M, Kaolin Concentration =  150 mg/l,  Crossflow Velocity = 
4.04 cm/s,  pH = 9.3, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 3.80 1.00
0.03 3.30 0.87
0.20 3.19 0.84
0.38 3.07 0.81
0.58 2.96 0.78
0.95 2.79 0.74
1.25 2.63 0.69
1.83 2.46 0.65
2.12 2.39 0.63
2.50 2.29 0.60
3.00 2.24 0.59
3.50 2.15 0.56
4.00 2.02 0.53
4.50 1.96 0.51
5.00 1.90 0.50
5.50 1.84 0.49
6.00 1.81 0.48
 
 
Table F.23 Purewater Permeability Data at the Start. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 32.20 3.87 11.38
0.08 32.10 3.86 11.34
0.25 32.00 3.85 11.31
0.50 31.70 3.81 11.20
0.75 31.80 3.82 11.24
1.00 31.70 3.81 11.20
1.25 31.90 3.83 11.27
1.50 32.00 3.85 11.31
2.00 31.90 3.83 11.27
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Table F.24 Purewater Permeability Data at the End. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 20.40 2.45 7.21
6.08 0.08 20.70 2.49 7.32
6.25 0.25 20.60 2.48 7.28
6.50 0.50 20.60 2.48 7.28
6.75 0.75 20.80 2.50 7.35
7.00 1.00 20.90 2.51 7.39
7.25 1.25 20.90 2.51 7.39
7.50 1.50 20.80 2.50 7.35
8.00 2.00 20.70 2.49 7.32
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Figure F.8 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 3,450 kPa, CaCl2 
Concentration = 0.0015 M, Na2CO3 Concentration = 0.0015 M, Kaolin Concentration =  
150 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.3, Temperature = 24 oC 
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Table F.25 Permeation Data for Kaolin and CaCl2 Plus Na2CO3 Scaling Runs. 
Transmembrane Pressure = 3,450 kPa, CaCl2 Concentration = 0.0015 M, Na2CO3 
Concentration = 0.0015 M, Kaolin Concentration =  250 mg/l,  Crossflow Velocity = 
4.04 cm/s,  pH = 9.2, Temperature = 24 oC 
Time (Hrs.) Per. Flux (m3/m2/s*105) Rel. Flux
0.00 3.80 1.00
0.07 3.57 0.94
0.28 3.36 0.88
0.52 3.05 0.80
0.75 2.79 0.73
1.03 2.69 0.71
1.53 2.31 0.61
2.05 2.00 0.53
2.50 1.84 0.49
3.00 1.61 0.42
3.50 1.49 0.39
4.00 1.43 0.38
4.50 1.32 0.35
5.00 1.17 0.31
5.50 1.07 0.28
6.00 1.07 0.28
 
 
Table F.26 Purewater Permeability Data at the Start. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
0.00 33.50 4.03 11.84
0.08 33.00 3.97 11.66
0.25 32.70 3.93 11.56
0.50 32.50 3.91 11.49
0.75 32.00 3.85 11.31
1.00 31.80 3.82 11.24
1.25 32.10 3.86 11.34
1.50 32.00 3.85 11.31
2.00 31.90 3.83 11.27
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Table F.27 Purewater Permeability Data at the End. Transmembrane Pressure = 3,450 
kPa, Crossflow Velocity = 4.04 cm/s, Temperature = 24 oC 
Time (From 6 hrs) Time (Hrs.) Per. Flow (ml/min) Per. Flux (m3/m2/s*105) Kw (gm/cm2/s*105)
6.00 0.00 15.60 1.87 5.51
6.08 0.08 15.90 1.91 5.62
6.25 0.25 16.00 1.92 5.65
6.50 0.50 15.80 1.90 5.58
6.75 0.75 16.00 1.92 5.65
7.00 1.00 15.90 1.91 5.62
7.25 1.25 16.10 1.93 5.69
7.50 1.50 16.00 1.92 5.65
8.00 2.00 15.90 1.91 5.62
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Figure F.9 Permeation and Purewater Permeability Coefficient (Kw) vs Time for Kaolin 
and CaCl2 Plus Na2CO3 Scaling Runs. Transmembrane Pressure = 3,450 kPa, CaCl2 
Concentration = 0.0015 M, Na2CO3 Concentration = 0.0015 M, Kaolin Concentration =  
250 mg/l,  Crossflow Velocity = 4.04 cm/s,  pH = 9.2, Temperature = 24 oC 
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Table G.1 Calculated  1/V(t) and  ∑V(t)*t Values for Kaolin and CaCO3 at 1,380 kPa, 
4.04 cm/s, 0.0005 M CaCO3 and 150 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2*s*105) (s/m*10-5) (Sec) (m3/m2*s*105) (m) (m)
0.00 1.46 0.684932 0 3.01 0 0
0.07 1.40 0.714391 240 1.43 0.003432 0.003432
0.23 1.44 0.692066 840 1.42 0.008534 0.008534
0.50 1.38 0.722156 1800 1.41 0.013583 0.025548
1.00 1.41 0.706791 3600 1.40 0.025196 0.050745
1.50 1.38 0.722156 5400 1.40 0.025196 0.075941
2.00 1.32 0.754981 7200 1.35 0.024384 0.100325
2.50 1.37 0.730092 9000 1.35 0.024248 0.124573
3.00 1.28 0.781628 10800 1.32 0.023842 0.148414
3.50 1.28 0.781628 12600 1.28 0.023029 0.171443
4.00 1.25 0.800462 14400 1.26 0.022758 0.194201
4.50 1.34 0.746498 16200 1.29 0.023300 0.217501
5.00 1.31 0.763659 18000 1.32 0.023842 0.241343
5.50 1.25 0.800462 19800 1.28 0.023029 0.264371
6.00 1.26 0.790933 21600 1.26 0.022622 0.286994
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Figure G.1 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 1,380 kPa, 4.04 
cm/s, 0.0005 M CaCO3 and 150 mg/l of  Kaolin 
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Table G.2 Calculated 1/V(t)  and  ∑V(t)*t Values for Kaolin and CaCO3 at 2,070 kPa, 
4.04 cm/s, 0.0005 M CaCO3 and 150 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 2.28 0.438596 0 3.01 0 0
0.05 2.15 0.464566 180 2.22 0.003989 0.003989
0.22 2.21 0.452654 780 2.18 0.013085 0.013085
0.42 2.17 0.461530 1500 2.19 0.015753 0.032828
0.60 2.12 0.470760 2160 2.15 0.014160 0.046988
0.80 2.01 0.497282 2880 2.07 0.014887 0.061874
1.00 2.04 0.490375 3600 2.03 0.014581 0.076455
1.50 2.00 0.500809 5400 2.02 0.036324 0.112779
2.00 1.91 0.523067 7200 1.95 0.035177 0.147956
2.50 1.88 0.530933 9000 1.90 0.034158 0.182114
3.00 1.86 0.539038 10800 1.87 0.033648 0.215762
3.50 1.81 0.551672 12600 1.83 0.033010 0.248772
4.00 1.73 0.578804 14400 1.77 0.031863 0.280635
4.50 1.76 0.569468 16200 1.74 0.031354 0.311989
5.00 1.69 0.593395 18000 1.72 0.030971 0.342960
5.50 1.57 0.636162 19800 1.63 0.029314 0.372274
6.00 1.63 0.614035 21600 1.60 0.028804 0.401079
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Figure G.2 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 2,070 kPa, 4.04 cm/s, 
0.0005 M CaCO3 and 150 mg/l of Kaolin 
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Table G.3 Calculated 1/V(t) and  ∑V(t)*t Values for Kaolin and CaCO3 at 2,760 kPa, 
4.04 cm/s, 0.0005 M CaCO3 and150 mg/l of Kaolin 
Time- t Per. Flux- V(t) - (m/s*10   1/V(t)                      t Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 3.01 0.332225914 0 3.01 0 0
0.07 2.73 0.366083332 240 2.87 0.00689 0.00689
0.25 2.92 0.342113590 900 2.83 0.01866 0.01866
0.53 2.87 0.348333837 1920 2.90 0.02955 0.05510
1.00 2.70 0.370806987 3600 2.78 0.04677 0.10187
1.50 2.58 0.388345156 5400 2.64 0.04745 0.14931
2.00 2.49 0.401923658 7200 2.53 0.04557 0.19488
2.50 2.33 0.428918530 9000 2.41 0.04338 0.23826
3.00 2.31 0.432143482 10800 2.32 0.04181 0.28007
3.50 2.24 0.445543280 12600 2.28 0.04103 0.32109
4.00 2.12 0.471107238 14400 2.18 0.03930 0.36040
4.50 2.11 0.475000686 16200 2.11 0.03805 0.39845
5.00 2.04 0.491240026 18000 2.07 0.03727 0.43572
5.50 1.95 0.513170384 19800 1.99 0.03586 0.47157
6.00 1.93 0.517793541 21600 1.94 0.03492 0.50649
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Figure G.3 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 2,760 kPa, 4.04 
cm/s, 0.0005 M CaCO3 and 150 mg/l of Kaolin 
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Table G.4 Calculated 1/V(t) vs ∑V(t)*t Values for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0005 M CaCO3 and 150 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 3.80 0.263158 0 3.01 0 0
0.03 3.30 0.303301 120 3.55 0.004258 0.004258
0.20 3.19 0.313943 720 3.24 0.019447 0.019447
0.38 3.07 0.325359 1380 3.13 0.020654 0.044359
0.58 2.96 0.337637 2100 3.02 0.021727 0.066086
0.95 2.79 0.357895 3420 2.88 0.037989 0.104075
1.25 2.63 0.380739 4500 2.71 0.029271 0.133346
1.83 2.46 0.406699 6588 2.54 0.053090 0.186437
2.12 2.39 0.418101 7632 2.43 0.025320 0.211757
2.50 2.29 0.436457 9000 2.34 0.032031 0.243788
3.00 2.24 0.447368 10800 2.26 0.040738 0.284527
3.50 2.15 0.466009 12600 2.19 0.039431 0.323957
4.00 2.02 0.494330 14400 2.08 0.037519 0.361477
4.50 1.96 0.511278 16200 1.99 0.035809 0.397286
5.00 1.90 0.526316 18000 1.93 0.034703 0.431989
5.50 1.84 0.542265 19800 1.87 0.033697 0.465686
6.00 1.81 0.552307 21600 1.83 0.032892 0.498578
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Figure G.4 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 
4.04 cm/s, 0.0005 M CaCO3 and 150 mg/l of  Kaolin 
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Table G. 5 Calculated 1/V(t) vs ∑V(t)*t Values for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0005M CaCO3 and 250 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 3.85 0.259740 0 3.01 0 0
0.08 3.88 0.257646 300 3.87 0.0115970 0.011597
0.32 3.63 0.275414 1140 3.76 0.0315512 0.031551
0.65 3.22 0.310175 2340 3.43 0.0411293 0.084277
0.83 3.24 0.308677 3000 3.23 0.0213299 0.105607
1.08 2.86 0.350116 3888 3.05 0.0270655 0.132673
1.50 2.82 0.354978 5400 2.84 0.0428899 0.175563
2.00 2.55 0.392001 7200 2.68 0.0483128 0.223876
2.58 2.50 0.399351 9288 2.53 0.0527750 0.276651
3.00 2.32 0.431730 10800 2.41 0.0364417 0.313092
3.50 2.11 0.473304 12600 2.21 0.0398616 0.352954
4.00 1.85 0.541492 14400 1.98 0.0356360 0.388590
4.50 1.72 0.580874 16200 1.78 0.0321146 0.420705
5.00 1.60 0.626432 18000 1.66 0.0298610 0.450566
5.50 1.41 0.709957 19800 1.50 0.0270439 0.477609
6.00 1.41 0.709957 21600 1.41 0.0253537 0.502963
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Figure G.5 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0005 M CaCO3 and 250 mg/l of Kaolin 
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Table G.6 Calculated 1/V(t) vs ∑V(t)*t Values for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0005M CaCO3 and 50 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 3.76 0.2659574 0 3.01 0 0
0.05 3.50 0.2857143 180 3.63 0.006534 0.006534
0.10 3.38 0.2957365 360 3.44 0.006193 0.012727
0.35 3.42 0.2923502 1260 3.40 0.030609 0.043336
0.63 3.09 0.3231888 2280 3.26 0.033225 0.076561
1.00 2.95 0.3389192 3600 3.02 0.039895 0.116456
1.50 2.74 0.3647416 5400 2.85 0.051230 0.167686
2.00 2.52 0.3968691 7200 2.63 0.047353 0.215039
2.50 2.43 0.4118051 9000 2.47 0.044533 0.259571
3.00 2.30 0.4352031 10800 2.36 0.042535 0.302106
3.50 2.17 0.4614201 12600 2.23 0.040185 0.342291
4.00 2.15 0.4642166 14400 2.16 0.038893 0.381184
4.50 2.04 0.4909984 16200 2.10 0.037718 0.418901
5.00 1.98 0.5039194 18000 2.01 0.036190 0.455091
5.50 1.96 0.5106383 19800 1.97 0.035485 0.490576
6.00 1.96 0.5106383 21600 1.96 0.035250 0.525826
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Figure G.6 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0005 M CaCO3 and 50 mg/l of  Kaolin 
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Table G.7 Calculated 1/V(t) vs ∑V(t)*t Values for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0015 M CaCO3 and 50 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m/s*105) (s/m*10-5) (Sec) (m/s*105) (m) (m)
0.00 3.82 0.26 0 3.01 0.00 0.00
0.05 3.58 0.28 180 3.70 0.00666 0.00666
0.10 3.45 0.29 360 3.51 0.00633 0.00633
0.35 3.32 0.30 1260 3.38 0.03044 0.04343
0.63 3.05 0.33 2280 3.18 0.03247 0.07590
1.00 2.79 0.36 3600 2.92 0.03852 0.11442
1.50 2.65 0.38 5400 2.72 0.04894 0.16336
2.00 2.39 0.42 7200 2.52 0.04536 0.20872
2.50 2.29 0.44 9000 2.34 0.04214 0.25086
3.00 2.16 0.46 10800 2.23 0.04011 0.29097
3.50 2.03 0.49 12600 2.10 0.03772 0.32870
4.00 1.96 0.51 14400 2.00 0.03593 0.36463
4.50 1.88 0.53 16200 1.92 0.03462 0.39925
5.00 1.82 0.55 18000 1.85 0.03331 0.43255
5.50 1.79 0.56 19800 1.80 0.03247 0.46502
6.00 1.72 0.58 21600 1.76 0.03163 0.49666
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Figure G. 7 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 
4.04 cm/s, 0.0015 M CaCO3 and 50 mg/l of Kaolin 
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Appendix G: (Continued) 
 
Table G.8 Calculated 1/V(t) vs ∑V(t)*t Values for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0015 M CaCO3 and 150 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 3.79 0.263852 0 3.01 0 0
0.03 2.22 0.450803 120 3.00 0.003605 0.003605
0.20 2.82 0.354584 720 2.52 0.015115 0.015115
0.38 2.79 0.358839 1380 2.80 0.018503 0.037223
0.58 2.66 0.375355 2100 2.73 0.019623 0.056847
0.95 2.42 0.413409 3420 2.54 0.033548 0.090395
1.25 2.32 0.431297 4500 2.37 0.025583 0.115977
1.83 2.17 0.460050 6588 2.25 0.046899 0.162877
2.12 2.13 0.469685 7632 2.15 0.022460 0.185337
2.50 2.13 0.469685 9000 2.13 0.029126 0.214463
3.00 1.97 0.506835 10800 2.05 0.036919 0.251382
3.50 1.81 0.553764 12600 1.89 0.034010 0.285392
4.00 1.79 0.557203 14400 1.80 0.032405 0.317796
4.50 1.64 0.610270 16200 1.72 0.030900 0.348696
5.00 1.63 0.614450 18000 1.63 0.029395 0.378091
5.50 1.53 0.654816 19800 1.58 0.028392 0.406482
6.00 1.46 0.684807 21600 1.49 0.026887 0.433369
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Figure G.8 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 
4.04 cm/s, 0.0015 M CaCO3 and 150 mg/l of Kaolin 
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Appendix G: (Continued) 
 
Table G.9 Calculated1/V(t) vs ∑V(t)*t Values for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0015 M CaCO3 and 250 mg/l of Kaolin 
Time - t Per. Flux - V(t)    1/V(t)                      t  Average V(t) V(t)*t ∑V(t)*t
(Hrs.) (m3/m2/s*105) (s/m*10-5) (Sec) (m3/m2/s*105) (m) (m)
0.00 3.80 0.263158 0 3.8 0 0
0.07 3.57 0.280399 240 3.68 0.008840 0.008840
0.28 3.36 0.297860 1020 3.46 0.027002 0.035842
0.52 3.05 0.327886 1860 3.20 0.026910 0.062752
0.75 2.79 0.358219 2700 2.92 0.024534 0.087286
1.03 2.69 0.371305 3708 2.74 0.027643 0.114929
1.53 2.31 0.432531 5508 2.50 0.045047 0.159976
2.05 2.00 0.498870 7380 2.16 0.040402 0.200378
2.50 1.84 0.542105 9000 1.92 0.031178 0.231557
3.00 1.61 0.620731 10800 1.73 0.031101 0.262657
3.50 1.49 0.672031 12600 1.55 0.027891 0.290549
4.00 1.43 0.700998 14400 1.46 0.026231 0.316780
4.50 1.32 0.759961 16200 1.37 0.024682 0.341461
5.00 1.17 0.855956 18000 1.24 0.022357 0.363819
5.50 1.07 0.934664 19800 1.12 0.020144 0.383962
6.00 1.07 0.934664 21600 1.07 0.019258 0.403221
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Figure G.9 1/V(t) vs ∑V(t)*t for Kaolin and CaCO3 at 3,450 kPa, 4.04 
cm/s, 0.0015 M CaCO3 and 250 mg/l of Kaolin 
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